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Abstract 
The aim of this project is to develop fly ash based geopolymer concrete and study 
the effects of fibres and curing temperature on the compressive strength (and other 
values that define the behaviour of geopolymer concrete in compression). Testing 
involves compressive loading of 100 mm (diameter) by 200 mm (height) cylindrical 
samples on a compression testing machine (testing occurred over a period of at least 
28 days). The results collected will be compared to other literature on geopolymer 
concrete and AS 3600 (Concrete Structures) to understand the significance of the 
values formulated in this report. 
Geopolymer concrete is formed by an alkaline liquid that has the potential to react 
with the Aluminium and Silicon located in a source material of geological origin or 
in by-product materials such as fly ash and blast furnace slag to create binders. 
Polymerization occurs when the alkaline liquid and the Aluminium and Silicon react 
with one another. A mixture of coarse and fine aggregates should comprise the 
aggregate skeleton used in geopolymer concrete.  
Due to the variability of materials that can be used to create geopolymer concrete, it 
is difficult to create a geopolymer concrete standard. Research suggests that 
geopolymer concrete has very similar properties to OPC concrete. Some properties 
of geopolymer concrete have been found to exceed that of OPC concrete. 
The relationship between concrete used for infrastructure and the use of Ordinary 
Portland Cement (OPC) sees an increased use of OPC concrete when the demand for 
more civil infrastructure projects increases. It is estimated cement production will 
increase from 1.5 billion tons to 2.2 billion tons by 2010. Research papers suggest 
that the production of 1 tonne of OPC cement produces 1 tonne of CO2 into the 
Earth's atmosphere. 
At present time there is a large focus on the environment and associated 
environmental impact of products and materials. The production of concrete is 
responsible for 4 % of man-made global warming. It has been reported in literature 
that geopolymer concrete produces less carbon emissions. 
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The results formulated from this report indicate that the method of curing (ambient 
cured for 24 hours or oven cured for 3 hours) will affect the compressive strength 
development but will not affect the ultimate compressive strength of geopolymer 
concrete. Polypropylene fibres increase the compressive strength, ductility and strain 
at peak stress of geopolymer concrete. An optimum amount of PP fibres exists as the 
Batch with 0.05% PP fibres added significantly outperformed the batch with 0.15% 
PP fibres added. 
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Nomenclature 
The following abbreviations are used throughout this dissertation. 
BFS  Blast Furnace Slag 
E  Modulus of Elasticity 
GBFS  Ground Blast Furnace Slag 
GGBFS Granulated Ground Blast Furnace Slag 
OPC   Ordinary Portland cement    
PP   Polypropylene 
ε  Strain 
ν  Poisson's ratio 
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1. Introduction 
1.1 Background 
Reid (2000) postulated that approximately 23 billion tonnes of carbon dioxide (CO2) 
is released into the atmosphere per annum. Among the greenhouse gases, CO2 
contributes about 65% of global warming (radiative forcing) (McCaffrey, 2002). 
 The relationship between concrete used for infrastructure and the use of Ordinary 
Portland Cement (OPC) sees an increased use of OPC concrete when the demand for  
civil infrastructure projects increases. Malhotra (1999) estimates cement production 
will increase from 1.5 billion tons to 2.2 billion tons by 2010. Davidovits (1994) and 
McCaffrey (2002) believe that the production of 1 tonne of OPC cement produces 1 
tonne of CO2 into the Earth's atmosphere. 
At present time there is a large focus on the environment and associated 
environmental impact of products and materials. The production of OPC concrete is 
responsible for 4% of man-made global warming (McCaffrey, 2002). Recently, 
geopolymer concrete (an alternative to OPC concrete) has begun to be further 
researched into by academics as a greener alternative. Figure 1 is a break down 
analysis of the embodied carbon found in OPC concrete. 
 
Figure 1: Embodied carbon in OPC concrete (Halcrow 2011) 
 Professor V.D. Glukhovsky of the former Soviet Union is credited with discovering 
geopolymers, although he named them ‘soil cements’. Davidovits started work on 
materials similar in nature to what Glukhovsky was working on in the 1970’s. The 
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term ‘geopolymers’ was coined by Davidovits due to the geopolymerization that 
occurs in creating this material (Tavor et al. 2007).  
Research on the topic of geopolymer concrete has seen it bear many properties that 
are similar to OPC concrete. This report will focus on the effects of polypropylene 
fibres in the geopolymer concrete mix. The addition of polypropylene fibres to OPC 
concrete has reduced the shrinkage and increased the cracking resistance and 
toughness of the material (Karahan, Tanyildizi & Atis 2009). Heat curing is a 
common method employed to achieve greater strength values over a shorter period 
of time. This study will test geopolymer concrete samples heat cured for 3 and 6 
hours at 80
O
C and samples cured at ambient room temperature. The effect of PP 
fibres on geopolymer concrete will also be tested. Regardless of the excellent 
properties of geopolymer concrete that have already been identified, it is important 
that the material is able to withstand harsh environments and have the ability to be 
cast in-situ to broaden its potential applications and usage.   
1.2 Objectives 
Upon completion of this project (ENG4111, ENG4112) it is expected that I will: 
1. Have a broad understanding of the background information and past 
collection of data on geopolymer concrete. 
2. Establish the compressive strength, Poisson's ratio, Young's modulus, strain 
value at peak stress and derive a stress-strain curve from the data collected 
for the following batches: 
a. Batch 1:2 samples tested on the 7,14,21,28 and 56 days. Samples 
from Batch 1 were ambient cured for 24 hours and had 0.15% PP 
fibres(by weight) added to the mix.  
b. Batch 2: 2 samples tested on the 7,14,21,28 and 49 days. Samples 
from Batch 2 were ambient cured for 24 hours. 
c. Batch 3: 2 samples tested on the 7,14,21,28 and 49 days. Samples 
from Batch 3 were oven cured for 3 hours at 80 
o
C. 
d. Batch 4: 2 samples tested on the 7,14,21,28 and 42 days. Samples 
from Batch 4 were ambient cured for 24 hours and had 0.05% PP 
fibres (by weight) added to the mix. 
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e. Batch 5: 2 samples tested on the 7,14,21,28 and 35 days. Samples 
from Batch 5 were oven cured for 6 hours at 80 
o
C. 
3. Compare the design properties formulated to that of OPC concrete. Based on 
this comparison, determine if AS 3600 is suitable for the design properties 
calculated for the geopolymer concrete samples tested.  
1.3 Scope  
The scope for this project involves a study of the performance of geopolymer 
concrete (with different curing regimes and the addition of PP fibres for different 
batches) with a focus on its design related properties.  
The cement manufacturing industry (production of OPC) is responsible for a 
significant amount of carbon dioxide entering the atmosphere. Geopolymer 
concrete's commercial availability is a relatively new phenomenon and as such it is a 
relatively new research area. Initial studies suggest it has similar properties to OPC 
concrete whilst producing significantly smaller amounts of carbon dioxide 
(compared to OPC concrete).     
PP fibres have been proven to provide many positive characteristics to OPC 
concrete. By determining the effects of polypropylene fibres and curing (whether 
ambient or oven cured) on geopolymer concretes strength it is then possible to make 
recommendations on the applications that geopolymer concrete could be used for 
(can it be cast in-situ or does it need to be precast in workshops?).  
By comparing the results (Poisson's value, Modulus of Elasticity, Compressive 
strength and the strain at peak stress) formulated for geopolymer concrete to the 
design specifications set out for OPC concrete in AS 3600, recommendations based 
on the suitability of  AS 3600 for geopolymer concrete design can then be made.  
1.4 Limitations 
Limitations experienced throughout this project are now discussed. It was originally 
planned to test 2 samples of each batch at 60 days but due to renovations occurring 
in the Z1 workshop this was not possible. Instead of grinding/sanding the samples to 
create a smooth (flat) surface for the compression testing machine to apply a load to, 
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samples had a steel cap placed on them. Due to a limited number of strain gauges, 
strain gauges were only applied to the 28 day samples from Batch 2, 3, 4 and 5. The 
validity of data collected for Poisson's value was impinged upon due to a number of 
strain gauges that did not record (due to poor application of strain gauges to 
samples).  
1.5 Risk Assessment and Safety 
Repetitive strain injuries caused by computer use (for data entry and processing) can 
be minimised by maintaining regular breaks. The practical component of this project 
has some inherent risks involved as well (as shown below): 
1. Casting 
Risk Contact with high pH geopolymer concrete mix. 
Hazard High pH geopolymer concrete  
Likelihood Reasonable 
Exposure Frequent 
Consequences Minor, irritation to skin that comes in contact 
Control Measures Wear gloves and appropriate clothing 
 
2. Compression Testing 
Risk Sections of the geopolymer concrete sample could fly from the sample, 
Electrical shock and Pinching 
Hazard Loading the sample until failure, turning the compression testing 
machine on and placing of the geopolymer concrete sample. 
Likelihood Low 
Exposure Reasonable (50 instances) 
Consequences Abrasions and electrical shock 
Control Measures Wear steel-capped boots and safety glasses. Stand behind the safety 
screen while testing is occurring. 
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1.6 Dissertation Outline 
The remaining structure of this dissertation is indicated below: 
Chapter 2: Literature Review 
This section discusses: what are geopolymers?, common constituents of geopolymer 
concrete, the behaviour of geopolymer concrete, the effects of curing on geopolymer 
concrete, applications of geopolymer concrete, fibre reinforced concretes and the 
strength development and stress strain relationship of geopolymer concrete.   
Chapter 3: Experimental Program 
This chapter outlines the process followed to create the geopolymer concrete 
samples(for the trial batches and main experimental program). It also analyses and 
discusses the results formulated from the trial batches. 
Chapter 4: Results 
This chapter analyses and discusses the performance of geopolymer concrete using 
different mix designs (altering curing regimes and the addition of PP fibres).  
Chapter 5: Conclusions and Future Work 
This chapter will discuss the conclusions and make suggestions for potential future 
work. 
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2. Literature Review 
An extensive literature review has been undertaken to evaluate and gain knowledge 
of the research that has already been completed in relation to the effects of curing 
and polypropylene fibres on geopolymer concrete. This literature review endeavours 
to impart a sound understanding of some fundamental processes, terminologies and 
materials associated with geopolymer concrete. In particular, the chemistry of 
geopolymer concrete, materials that comprise geopolymer concrete, behaviour of 
geopolymer concrete, previous work on the effects of curing on geopolymer 
concrete, applications for geopolymer concrete and the effects of fibres introduced 
into OPC and geopolymer concrete (as there is currently limited amounts of 
literature on the effects of fibres on geopolymer concrete).   
2.1 Geopolymers 
Davidovits (1988, 1994) theorised that an alkaline liquid had the potential to react 
with the Aluminium (Al) and Silicon (Si) located in a source material of geological 
origin or in by-product materials such as fly ash and blast furnace slag to create 
binders. The reaction that occurs with the alkaline liquid and the Aluminium and 
Silicon is a polymerization process. Rangan (2008) states that geopolymer materials 
have a chemical composition that is similar to natural zeolitic materials, with the 
point of difference being they have an amorphous microstructure.  
Figures 2 and 3 describe the formation of geopolymer materials (Davidovits, 1994; 
van Jaarsveld et al., 1997).  
 
Figure 2 : Aluminosilicate + Silicon Dioxide + Water + Sodium Hydroxide or Potassium Hydroxide forms 
a geopolymer precursor (Davidovits, 1994; van Jaarsveld et al., 1997). 
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Figure 3: The formation of Sodium or Potassium Poly-Sialate Geopolymer Backbone (Davidovits, 1994; 
van Jaarsveld et al., 1997). 
The formation of geopolymers in Figure 2 shows that during the chemical reaction 
water is ejected from the geopolymer matrix (See Figure 4 for a representation of the 
atomic structure for part of the geopolymer gel). This means water only affects the 
workability of the geopolymer mix whereas water is an important component in the 
hydration process when casting Ordinary Portland Cement (OPC) concrete.   
Recommended Practice: Geopolymer Concrete (2011) suggest that the 
microstructure of geopolymer cement is heavily dependent on the alkaline activating 
solution used and the conditions used for curing the geopolymers. Duxson et al. 
(2005) elaborates further on this topic and suggests that a high silica content to 
geopolymer activating solution ratio results in a better homogenous and uniform 
microstructure. 
   
Figure 4: Representation of part of the geopolymer gel atomic structure. Red: oxygen, purple: aluminium, 
yellow: silicon, green: sodium. The lack of long-range (crystalline) order is obvious (Recommended 
Practice: Geopolymer Concrete 2011). 
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2.2 Constituents of geopolymer concrete 
Concrete is fundamentally comprised of aggregates (which can vary in size from fine 
sand to small stones) and a paste that exhibits cementitious properties which will 
bind the concrete mixture together. Geopolymer concrete has a cement paste that 
consists of binding components that are reactive to alkaline solutions and an 
activator (also known as fluid reagents). 
2.2.1 Common binding components used in geopolymer concrete 
Fly ash, ground granulated blast furnace slag, metakaolinite, Portland cement and 
silica fume are common binding components that are reactive to alkaline substances. 
The majority of these binding components (fly ash, ground granulated blast furnace 
slag and silica fume) listed above are also used in OPC concrete due to their 
pozzolanic nature.   
2.2.1.1 Fly Ash   
Fly ash is a waste product that is produced from the smoke of pulverised coal in 
thermal power stations (See Figure 5). 
 
Figure 5: The process of producing fly ash at a power station (Fly Ash Australia 2010). 
  
In OPC concrete fly ash provides (CIV2506 2010): 
 Better workability in the concrete mix 
 Reductions in the separation of the constituents of concrete (segregation) 
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 A higher final strength compared to OPC concrete without fly ash. However 
it has lower 28 day strength. 
 Smaller creep and shrinkage values 
 Greater durability compared to OPC concrete without fly ash 
There is an abundance of fly ash in certain areas of Australia and as such is a 
relatively inexpensive material. AS 3582.1(Supplementary cementitious materials 
for use with Portland and blended cement. Part 1: Fly Ash) provides the 
specifications for fly ash that the testing in this report will follow. 
As per ASTM 618 there are two types of fly-ashes; class F is low in calcium oxide 
(CaO) with a content of less than 10% and is derived from bituminous coals. Class C 
is high in CaO with greater than 10% content and is produced from subbituminous 
and lignite coals (Davidovits 2008). ASTM C989 specifies typical class F fly-ash as 
having 4.3% CaO and typical class C fly-ash as having 27.4% CaO (Grace 2006). 
2.2.1.2 Granulated Ground Blast Furnace Slag (GGBFS) 
GGBFS  is a waste product of iron production from blast furnaces, where it floats on 
top of the molten iron, is drawn off, quenched by water sprays and ground to a 
brownish powder (CIV2605 2010). Figure 5 is a flow chart describing the process of 
the production of GGBFS. 
 
Figure 6: Flow chart of the production of GGBFS (Australasian Slag Association 2012) 
 
GGBFS displays many similar favourable properties on OPC concrete as fly ash. 
The following are a list of favourable properties when GGBFS is used as a total 
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coarse aggregate replacement in OPC concrete (20-40 MPa characteristic strength) 
(CIV2605 2010): 
 A higher compressive strength 
 Similar modulus of elasticity 
 Less creep and drying shrinkage 
AS 3582.2 (Supplementary cementitious materials for use with Portland and blended 
cement. Part 2: Granulated Ground Blast Furnace Slag) provides the standards for 
the use of GGBFS in Portland and blended cements. 
2.2.1.3 Metakaolinite 
Kaolin is a soft, lightweight, often chalk-like sedimentary rock that has an earthy 
odour (Varga 2007). It is the most popular mineral used for building ceramics and is 
mainly comprised of Kaolinite (a hydrous aluminium silicate). Metakaolinite is 
kaolin clay that has been calcined at temperatures greater than 650 
o
C 
(Recommended Practice: Geopolymer Concrete 2011). 
2.2.1.4 Portland cement 
Small quantities of Portland cement can be used as an accelerator in geopolymer 
concrete but large quantities result in the CSH (Calcium Silicate Hydrate) phase 
occurring within the geopolymer phase. Due to this occurring, changes in the bulk 
geopolymer concrete performance will happen (Yip, Lukey & van Deventer 2005). 
AS 3972 (General purpose and blended cements) provides the standard for the usage 
of Portland cement.  
2.2.1.5 Silica fume 
Silica fume in its original state is an ultra-fine, light grey powder and is a waste 
product of the silicon and ferrosilicon electrolytic smelting process. It comprises 
silica with some alumina and iron oxides (CIV2605 2010).  Silica fume consists 
primarily of amorphous (non-crystalline) silicon dioxide (SiO2). The individual 
particles are extremely small, approximately 1/100th the size of an average cement 
particle. Because of its fine particles, large surface area, and the high SiO2 content, 
silica fume is a very reactive pozzolan when used in concrete (Silica Fume 
Association 2012).  
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AS 3582.3 (Supplementary cementitious materials for use with Portland and blended 
cement. Part 3: Amorphous silica) provides the standards for the use of silica fume in 
Portland and blended cements. 
2.2.2 Common activators used in geopolymer concrete 
The two common reagents used in geopolymer concrete are sodium (Na) and 
potassium (K) solutions (such as sodium hydroxide, sodium silicate, potassium 
hydroxide and potassium silicate) (Recommended Practice: Geopolymer Concrete 
2011). 
2.2.3 Aggregates 
A mixture of coarse and fine aggregates should comprise the aggregate skeleton used 
in geopolymer concrete. A beneficial outcome is to optimise the distribution of 
particle sizes for the aggregate skeleton so as to minimize void space, which leads to 
a monetary saving when implementing geopolymer concrete (Recommended 
Practice: Geopolymer Concrete 2011). 
2.2.4 Admixtures 
Hardjito and Rangan (2005) propose that standard concrete admixtures, such as 
plasticizers (which are implemented to achieve greater workability), work in a 
similar manner in geopolymer concretes.  
Recommended Practice: Geopolymer Concrete (2011) suggests that the geopolymer 
concrete mix affects the admixtures due to the highly alkaline nature of the mix. This 
particularly holds true for geopolymer concrete using fly ash as the alkali reactive 
binding component (fly ash) contains activated carbon which can soak up chemical 
admixtures.  
2.3 Behaviour of geopolymer concrete 
Wimpenny (2009) undertook a preliminary study which identified seven groups of 
technologies with potential to minimise the carbon footprint: secondary cementitious 
materials, modified Portland or non-Portland cements, low cement concrete, ultra 
high strength concrete changes in Portland cement manufacture, alternative binders 
and carbon capture.  
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From the above listed technologies three were considered suitable with respect to the 
materials potential for high carbon dioxide reduction and suitability for construction: 
Agent C (a bituminous binder from the processing of heavy fuel oils); high slag 
binder comprising a blend of 20% Portland cement and 80% ground granulated blast 
furnace slag; and geopolymer.  
Wimpenny (2009) summarised the engineering characteristics as seen in Table 1 
below: 
Table 1: Comparison of OPC concrete to geopolymer concrete with regard to engineering characteristics. 
Characteristic Conventional 
concrete 
Geopolymer 
Health &Safety Highly alkaline 
cement powder 
Highly alkaline liquid 
accelerators 
Environmental Impact Leaching of 
calcium 
hydroxide 
Alkaline spillages 
Handling time (hours) two-three 0-1 
Handling Pump, skip Very viscous skip, spray 
Compressive 
strength (MPa) 
1-day 
28-day 
5-10 
30-40 
Lower 
Higher 
Flexural strength (MPa) four-five Higher 
Tensile Strength (Mpa) two-three Higher 
Density (kg/m3) 2400 Unknown 
Water absorption (%) three-four Unknown 
Water permeability coefficient 
(m2/s) 
10x10-13 Unknown 
Elastic modulus (GPa) 25-35 Unknown 
Max service 
temperature (°C) 
300 Higher 
Thermal 
expansion 
Coefficient 
(microstrain/°C) 
eight-thirteen Unknown 
Dimensional 
stability 
Movement 
depends on 
Unknown 
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service conditions 
Durability Protects 
embedded metal 
but vulnerable to 
chloride and 
carbonation 
induced corrosion 
and acid and 
sulphate attack. 
Expected to 
have good 
resistance to 
sulphates and 
acids and 
provide passive 
protection to 
embedded steel 
 
 
2.3.1 Workability of fresh geopolymer concrete 
Literature is limited on the workability of fresh geopolymer concrete. Van Jaarsveld 
and van Deventer (1999) discovered that the workability of geopolymer concrete is 
low for a geopolymer solution activated by sodium based chemical. Geopolymer 
paste is extremely cohesive and has a large resistance to shear stress (viscous). 
Hardjito et al. (2004) discovered that the workability of fly ash based geopolymer 
concrete can be improved by adjusting the water content in the geopolymer mix. 
However, reduced compressive strength values can occur if exorbitant amounts of 
water are added to a geopolymer mix. 
The setting time of fresh geopolymer is dependent on the chemical compositions of 
the source materials and the curing temperature. For instance, geopolymer concrete 
produced by using metakaolin can set at room temperatures in a short time 
(Davidovits, 1999). However, Hardjito and Rangan (2005) reported that when using 
fly ash as the source material geopolymer concrete did not show any sign of setting 
after 120 minutes at room temperature. Another point of interest discovered in the 
same research paper is that the fly ash based geopolymer concrete did not harden in 
24 hours if the samples were left in an environment where temperatures are less than 
30
o
C. 
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2.4 The effects of curing on geopolymer concrete 
Hardjito et al. (2008) reported that curing temperature plays an important role in the 
geopolymerisation process of fly ash based geopolymer mortar. They have 
concluded that higher curing temperatures result in a faster rate of time for the 
geopolymerisation process to occur in. This leads to a faster time in which it takes 
the geopolymer mortar to harden. 
Memon et al. (2011) suggests that longer curing times result in higher compressive 
strengths in geopolymer concrete because it improves the geopolymerisation process. 
Compressive strength was found to be highest when the geopolymer concrete 
samples were cured for 96 hours, but there was no significant increase in 
compressive strength after 48 hours of curing. 
The effect of temperature on the compressive strength of the geopolymer concrete 
samples saw an increase in compressive strength with the increase in curing 
temperature from 60°C to 70°C. However, curing temperatures greater than 70°C 
actually lowered the compressive strength of the geopolymer concrete samples. 
Vijai, Kumutha & Vishnuram (2012) propose that the compressive strength of heat 
cured fly ash based geopolymer concrete is greater than that of fly ash based 
geopolymer concrete cured at ambient temperature. Fly ash based  geopolymer 
concrete cured at ambient temperature had an increase in compressive strength as the 
concrete aged over 7 to 28 days, whereas the geopolymer concrete samples heat 
cured did not have a substantial increase in compressive strength after 7 days.    
Bakharev (2004) concluded that: 
 Precuring at ambient room temperature for 24 hours is beneficial for the 
development of strength of geopolymer materials utilising fly ash and cured 
at elevated temperatures as it shortens the amount of time needed for heat 
treatment of high strength test samples. 
 6 hour heat curing is more desirable for the strength development of 
geopolymer materials using fly ash activated by sodium silicate compared to 
24 hour heat curing. 
 Samples of fly ash formed with sodium hydroxide activator had more stable 
strength properties than fly ash samples formed with sodium silicate. 
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 2.5 Applications of geopolymer concrete 
Recommended Practice: Geopolymer Concrete (2011) alludes to numerous 
geopolymer concrete civil infrastructure (such as civil water works, railway sleepers, 
pipes, pavements, roads, fire resistance coatings, conventional precast products and 
an apartment block) mainly located in Ukraine that was constructed post World War 
2. 
Davidovits (2008) suggested the following as suitable applications for geopolymers: 
 Cements and Concretes 
 Thermal insulation 
 Composites for automobiles and aircrafts 
 Refractory items 
 Decorative applications 
 Low tech and low CO2 building material 
 Fire and heat resistant material 
 Low cost ceramic processing 
 Foamed Geopolymer 
 Infrastructure repair and strengthening 
 Foundry applications 
 Industrial applications 
 High tech resin systems 
 Host matrix in waste encapsulation 
Komnitsas (2011) believes that geopolymer concrete will be an integral part of 
achieving sustainable cities in the future as they rely on a minimal amount of 
processed natural minerals and industrial by-products (or wasters) to provide a 
binding agent that allows significant savings in energy and emissions produced. 
Manufacturing of precast concrete products that are needed in rehabilitation and 
retrofitting of structures after a disaster is an application that Lloyd & Rangan (2010) 
and Vijai, Kumutha & Vishnuram (2012) believe geopolymer concrete is well suited 
to. They believe that the usage of geopolymer concrete by the concrete industry will 
rise once further research into the durability of geopolymer concrete is conducted. 
Articles on the durability of geopolymer concrete are focusing on areas where the 
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environment is particularly harsh on infrastructure (in particular aggressive soil 
conditions and marine environments). 
A study by Zhang, Yao & Zhu (2010a, 2010b) found that geopolymers were highly 
resistant to corrosion and had a low permeability. These characteristics were ideal to 
combat the harsh marine environment and as such they proposed geopolymers could 
be used as coatings on coastal and offshore structures to provide chemical protection.    
Industry has not yet fully embraced geopolymer concrete. Two main factors that are 
causing this are the information pertaining to service life and durability of 
geopolymer concrete applications or infrastructure has yet to be quantified. The 
second factor is the high degree of variability in relation to environmental and 
financial costs of geopolymer concrete. The cost of geopolymer concrete is 
dependent on the material source location, the energy source and the modes of 
transport (Williams et al. 2011). Depending on these three variables geopolymer 
concrete may be more or less expensive than OPC concrete. Australia has an 
abundance of fly ash that is produced from coal fired power stations that are located 
throughout the country. The development of a recommended practice handbook on 
geopolymer concrete by the Concrete Institute of Australia in 2011 will provide 
further guidance and foster a better understanding to industry.  
2.6 Fibre reinforced concrete 
Neville & Brooks(2004) suggest that cementitious materials are generally brittle in 
behaviour and are inherently weak in resisting tensile forces. Low amounts of tensile 
force can cause a sudden failure which is usually caused by a proliferation of cracks. 
Steel reinforcement is a common method of reinforcing the tensile strength of 
cementitious materials.  
The addition of fibres to cementitious materials works on a similar theory whereby 
fibres act to transmit tensile forces across a crack. Fibres in general and 
polypropylene (PP) fibres in particular have gained popularity in recent years for use 
in concrete, mainly owing to their low price and excellent characteristics, but also 
because they reduce the shrinkage, and improve cracking resistance and toughness of 
plain concrete (Karahan, Tanyildizi & Atis 2009).  The idea of reinforcing materials 
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is not new and can be dated back to the time of the ancient Egyptians where masonry 
works were undertaken with mud and straw. 
Swamy (1992) suggested that fibres used to reinforce concrete can be placed into 2 
categories: 
1. Low modulus, high elongation fibres such as nylon, polypropylene and 
polyethylene in which the fibres enhance primarily the energy absorption 
characteristics only. 
 
2. High strength, high modulus, fibres such as steel, glass and asbestos in 
which the fibres enhance the strength as well as the toughness of the 
composites. 
 
 
2.6.1 OPC concrete with fibres 
Karahan, Tanyildizi & Atis (2009) proposed that: 
 PP fibres have unfavourable effects on flexural tensile strength at the volume 
fractions used in this study (0.45, 0.9 and 1.8 kg/m
3
). 
 Fibre-reinforced concrete has a flexural tensile strength that is slightly 
smaller than concrete without fibres.  
 Flexural tensile strength decreased as the fibre content increased. 
Improving durability in concrete infrastructure is a positive outcome. In general, 
improved durability has been achieved by pozzolanic materials which partially 
replace some OPC in the concrete mix. The addition of pozzolanic materials can 
assist the pozollanic reaction that occurs with the calcium hydroxide and act as fillers 
which will increase the density of the concrete. 
An increase of strength, a greater impermeability to water and an increase in 
brittleness are attributes identified when pozzolanic materials are utilised in the 
concrete mix. The effectiveness of adding pozzolonanic materials to the concrete 
mix to increase durability is dependent on the ability to increase the fracture energy 
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(the energy required to create a crack extension of unit area). Sabir (2001) proposed 
that chopped fibres could be used to increase the fracture energy of concrete.  
From the study (Sabir 2001) it was found that adding polypropylene fibres actually 
causes a small decline in the fracture energy and fracture toughness. The fibre 
concretes generally gave small reductions in the compressive strength, which were of 
the order of 4±8% in the case of concretes with 0.15% fibres. It should be noted that 
the polypropylene fibres are effective in controlling the post-cracking behaviour and 
preventing unforseen failure as witnessed when plain concrete was tested.  
Karahan and Duran Atis(2010) proposed  that polypropylene fibres: 
 Reduce the workability and unit weight of fly ash concrete.    
 Did not have a significant effect on the compressive strength and modulus of 
elasticity of fly ash concrete. 
 And fly ash in an increased amount cause the porosity, water absorption and 
sorptivity coefficient values to increase. The influence of additional amounts 
of fly ash on the sorptivity coefficient is found to be more than the addition 
of polypropylene fibres in concrete. 
 And fly ash in concrete (either separately or together) reduces drying 
shrinkage. The lowest drying shrinkage of fibrous concrete with fly ash 
occurs when polypropylene fibres and fly ash are present. 
 In concrete was marginally more resistant to freeze-thaw when compared to 
concrete without polypropylene fibres. The inclusion of fly ash in OPC 
concrete has a more significant effect on the resistance to freeze-thaw 
compared to concrete with polypropylene fibres. 
2.6.2 Geopolymer concrete with fibres 
Wimpenny et al. (2011) conducted a 3 year study to develop fibre reinforced 
geopolymer concrete products for underground infrastructure. In particular this paper 
investigated the durability, workability and strength of fresh and hardened fibre 
reinforced geopolymer concrete. 
The characteristics listed above of fibre reinforced geopolymer concrete were 
compared to a control mix of Portland cement and 40kg/m
3
 of steel fibres. An 
acceptable level of workability was produced with geopolymer concrete and 8kg/m
3 
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of synthetic fibre. Fibre reinforced geopolymer concrete was found to outperform the 
control mix with regard to flexural strength, durability and shrinkage whilst reducing 
carbon emissions by approximately 70%. 
Zhang et al. (2009) produced a paper on the preparation and mechanical properties of 
polypropylene fibre reinforced calcined kaolin fly ash based geopolymer. From this 
study it was found the partial replacement of calcined kaolin with fly ash causes an 
increase of fluidity in the geopolymer paste, prolongs its setting time and improves 
the compressive strength of the hardened geopolymer concrete. 
By implementing 0.05% of polypropylene fibre (by weight) to the geopolymer mix 
an increase in compressive strength, flexural strength and impacting energy was 
found for 3 day testing. A decrease in shrinkage and modulus of compressibility also 
occurred. 
2.7 Compressive strength, strength development and stress-
strain relationship of geopolymer concrete 
Compressive Strength, the shape of the stress strain curve(which is represented by 
the initial modulus of elasticity, peak stress, strain at peak stress and the ultimate 
concrete strain) and the strength development with age are used to determine the 
behaviour of geopolymer concrete(or any type of concrete) in compression.   
Recommended Practice: Geopolymer Concrete (2011) suggests the strength 
development of geopolymer concrete is dependent on the method of curing. If 
samples are ambient cured, geopolymer concrete has a similar strength development 
to that of OPC concrete. However, if geopolymer concrete is oven cured at 
temperatures around 80 – 90 oC, 90% of the final strength can be achieved after a 
few hours. 
Hardjito et al. (2005b) discovered that the stress-strain curves developed of fly ash 
based geopolymer concrete show a high level of similarity to a model that was 
developed for OPC concrete (See Figure 7). 
Collins, Mitchell &Macgregor (1993) proposed the model that is applicable for 
normal and high strength OPC concrete (See Equation 1). 
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Equation 1: The equation Collins, Mitchell & Macgregor(1993)  proposed to model OPC concrete  
Where: 
fcm = peak stress 
εcm = strain at peak stress 
n = 0.8 + (fcm/17) 
k = 0.67 + (fcm/62) when εc/εcm > 1 
   = 1.0 when εc/εcm ≤ 1 
 
 
Figure 7: Fly ash based geopolymer concrete compared to the model for OPC concrete (Hardjito et al. 
2005b). 
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3. Experimental Program  
The experimental program involves 3 different trial batches and the main 
experimental program that consists of 5 batches of 10 geopolymer concrete samples. 
3.1 Preparation Work 
3.1.1 Materials 
The following are the materials used to create the geopolymer concrete samples: 
1. 7.5mm aggregate 
2. 10mm aggregate 
3. Fly ash 
4. Sand 
5. Sodium hydroxide pellets 
6. Sodium silicate solution  
7. Polypropylene fibres 
8. Super plasticiser 
3.1.1.1 7.5mm Aggregate 
The 7.5mm used for the geopolymer concrete samples was stored on a pallet in a 
large hessian sack(Figure 8). This was done to ensure the aggregate could be moved 
easily. 
 
22 
 
 
Figure 8:7.5mm nominal diameter aggregate used for the geopolymer concrete samples. 
3.1.1.2 10mm Aggregate 
The 10mm aggregate used for the geopolymer concrete samples was stored on a 
pallet in a large hessian sack(Figure 9). This was done to ensure could be moved 
easily. 
 
Figure 9: 10mm nominal diameter aggregate used for the geopolymer concrete samples. 
3.1.1.3 Fly ash 
The Fly ash was checked for impurities and large clumps of fly ash were broken 
apart (See Figure 10). The fly ash was bought from Wagners and is sourced from 
Millmerran, Queensland. 
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Figure 10: Fly ash.  
3.1.1.4 Sand 
The sand used for the geopolymer concrete samples was stored on a pallet in a large 
hessian sack(Figure 11). This was done to ensure it could be moved easily. 
 
Figure 11: Sand used in geopolymer concrete samples. 
3.1.1.5 Sodium hydroxide pellets 
Once the required amount of sodium hydroxide pellets has been removed from the 
container, the excess is resealed in the plastic bag and placed back into the container 
to ensure there is minimal contact time with the air as sodium carbonate can be 
formed due to the presence of carbon dioxide in the atmosphere.  
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Figure 12: Sodium Hydroxide pellets 
3.1.1.6 Sodium silicate solution 
Grade D sodium silicate solution was used for the geopolymer concrete samples. 
 
Figure 13:  Grade D Sodium Silicate Solution 
3.1.1.7 Polypropylene fibres 
2cm polypropylene fibres was used in two batches of geopolymer concrete(as part of 
the main experimental program). The amount of polypropylene fibres used is 0.05 
and 0.15% by weight of the other constituents of the geopolymer concrete batches 
respectively. 
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Figure 14: Polypropylene fibres- 2cm length. 
3.1.1.8 Super Plasticiser 
The super plasticiser used was Glenium 27 sourced from BASF. Super plasticiser 
was only utilised in Trial Batch 1. 
3.1.2 Moulds 
Cylindrical moulds with a circumference of 100mm and a height of 200mm will be 
used for the testing of all geopolymer concrete samples created. The inside of all the 
moulds had liberal amounts of grease applied to ensure that the sample could be 
easily removed from the mould after the curing regime was complete.  
 
Figure 15: Greasing of the mould to allow for easy specimen extraction after curing had occurred.  
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3.2 Trial experimental program 
The main purpose of undertaking the trial batches is to establish if the proposed 
results(target strengths) of different research institutions could be replicated with the 
materials provided. If results are not reaching the proposed target strength set out by 
the published geopolymer concrete mix designs (with an amount of tolerance) than 
modification of mix designs is necessary.   
3.2.1 Trial Batch 1  
3.2.1 Mixture Proportions for Geopolymer Concrete Trial Batch 1 
Curtin University has extensively undertaken studies to develop and manufacture fly 
ash- based geopolymer concrete. Some results related to the development and 
manufactures of fly ash based geopolymer concrete have been reported in several 
scholarly journals. (Hardjito et. al., 2002a; Hardjito et. al., 2003, 2004a, 2004b, 
2005a, 2005b; Rangan et.al., 2005a, 2005b). A Research Report published in 2006 
by Sumajouw and Rangan lists the mixture proportions of geopolymer concrete for 
columns (See Table 2).  The mix designs listed below in Table 2 was used for the 
first trial batch.           
Table 2: Proportions of materials for the first trial of geopolymer concrete mix designs 
 
Materials Amount(kg/m
3
) 
10 mm aggregates 555 
7.5 mm aggregates 647 
Fine sand 647 
Fly ash 408 
Sodium hydroxide solution 41 (16 M) 
Sodium silicate solution 103 
Super plasticiser 6 
Extra added water 26 
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3.2.2 Methodology for Trial Batch 1 
The following is the methodology followed to create the samples of trial batch 1: 
One day before the six cylindrical geopolymer concrete samples (200mm high x 100 
mm diameter) were made the steps listed below were followed: 
1. As NaOH pellets were utilised, it was necessary to dilute it with water to 
achieve the required molar value (16M).The water and NaOH pellets were 
measured. The water was placed into a plastic bucket and NaOH pellets were 
gradually added and stirred in. The addition of the NaOH pellets to the water 
causes heat to be generated as it is an exothermic reaction. 
 
Figure 16: Sodium Hydroxide pellets being dissolved in the bucket of water. A set ratio of water to sodium 
hydroxide is required to achieve the 16M solution. 
2. Once the NaOH pellets have completely dissolved in the water, the sodium 
silicate solution was added and the liquid was mixed. The top of the bucket 
was then covered with plastic wrap to minimise the chance of any 
contamination or evaporation occurring. 
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Figure 17: The top of the bucket is then covered in plastic wrap to minimise evaporation or contamination. 
3. The sand was then put into an oven at 105 oC overnight so that it will not 
have any water in the pores of the sand (oven dry condition). 
The following steps were adhered to on the day of mixing: 
1. The sand, fly ash, 7mm and 10mm aggregates were added to the portable 
concrete mixer and mixed for 1 minute. A sheet of plastic (or cloth material) 
was used to cover the portable concrete mixer to stem the loss of any material 
(particularly fly ash as it is not a dense material). 
 
Figure 18: Cloth material used to cover the concrete mixing bowl to prevent the loss of fly ash.  
2. The solution and super plasticiser was slowly added into the mixer. “Wet” 
mixing occurred for 4-5 minutes. 
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3. The geopolymer concrete was then placed in a wheelbarrow and was agitated 
with a scoop for 15 minutes. This is done as the polymerisation of the 
materials can take time to occur. 
4. The six cylindrical moulds were greased to allow easier removal of the 
geopolymer concrete samples. The geopolymer concrete was then placed into 
the moulds in roughly three equal layers, with each layer being tamped with 
25 blows from the tamping rod. 
5. Once the geopolymer concrete was placed into the moulds, plastic wrap was 
placed over them (fastened down with elastic bands) to stop any evaporation 
occurring in the ambient and oven cured samples. 
6.   3 of the samples were oven cured at 60oC(See Table 3) for 24 hours whilst 
the other 3 samples were cured in ambient conditions for 24 hours. 24 hours 
later the 6 samples were removed from their moulds and placed into a fog 
room. 
7. Another batch of 3 samples was made but with extra water added to improve 
the workability of the mix (as the six samples created before had a very low 
level of workability). The three samples were cured at ambient conditions for 
24 hours and then were placed in the fog room. 
3.2.3 Results from Trial Batch 1 
Table 3 lists the results of the 3 samples oven cured from Trial Batch 1 after 14 days. 
Table 4 lists the results from the 6 ambient cured samples tested after 30 days.  
Table 3: 14 day testing of the oven cured samples for Trial Batch 1 
Sample Avg.Diameter(mm) Height(mm) Weight(kg) Load(kN) Strength(MPa) 
1 100 200 3.45 122 15.5 
2 100 200 3.4 116 15 
3 100 200 3.38 108 14 
 
Table 4: 30 day testing of the ambient cured samples from Trial Batch 1 
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Sample Avg. 
Diameter(mm) 
Height(mm) Weight(kg) Load(kN) Strength(MPa) 
1 100.15 200 3.5 178 22.5 
2 100.1 198 3.51 174 22 
3 100.175 198 3.54 187.5 24 
4
*
 99.8 199 3.14 9.5 1.2 
5
*
 100 202 3.26 14.8 1.9 
6
*
 100.35 201 3.36 20 2.5 
 
* 
Samples where extra water was added  (in addition to what was prescribed in the 
mix design) to increase the workability of the geopolymer concrete samples. 
3.2.4 Discussion of results from Trial Batch 1 
The oven cured samples in Table 3 were tested after 14 days and had an average 
strength of 14.83MPa with a standard deviation of 0.62MPa. Following the mix 
design a target strength of 40MPa after 28 days should be achieved. However, the 
value obtained after 14 days is significantly lower than the target strength. For the 
samples to achieve the target strength it would need to increase by approximately 
25MPa in the 14 days following.  
The ambient cured samples1-3 in Table 4 did not have known target strength as the 
mix design utilised specifically states that to achieve target strength of 40MPa after 
28 days oven curing at 60
o
C for 24 hours is required. On average the strength 
achieved by the ambient cured samples was 22.83 MPa and these samples had a 
standard deviation of 0.85MPa. 
Samples 4-6 in Table 4 had extra water in addition to what was prescribed in the mix 
design to increase the workability of the samples. This resulted in an average 
strength of 1.86MPa with a standard deviation of 0.53MPa.  
Looking at the results from Trial Batch 1, it can be seen that the results are either not 
likely to meet the target strength (for the oven cured samples) or are not achieving a 
significant strength value to warrant use in commercial applications after 30 days 
(the ambient cured samples). The effect of additional water in the ambient cured 
samples did make the mix more workable but is detrimental to the strength, making 
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the geopolymer concrete samples unsuitable for a large number of applications (this 
phenomen was confirmed in the literature review). 
It was also determined that the state of the aggregate particles (in particular the 
percentage of water held by the aggregate particles) had a significant effect on the 
ability of the geopolymer concrete mix to effectively polymerise and hence hindered 
the compressive strength of the samples. 
3.2.2 Trial Batch 2 
3.3.1 Mixture Proportions for Geopolymer Concrete Trial Batch 2 
Trial batch 2 adopted a new mix design developed by Zhao & Sanjayan (2011). See 
Table 5 below. 
Table 5: Mix proportions (kg/m3) of Trial Batch 2(Zhao & Sanjayan 2011) 
Materials G40 G60 
Alkaline liquid/fly ash 0.45 0.45 
Fly ash (kg/m
3
) 381 381 
NaOH solution (8 M): 
(kg/m
3
) 
49 49 
NaSiO4 solution (Grade D): 
(kg/m
3
) 
122 122 
Fine aggregate: (kg/m
3
) 554 554 
Coarse aggregate: (kg/m
3
) 1294 1294 
Curing condition and 
time(hours) 
80
o
C oven - 3 hours 80
o
C oven - 6 hours 
 
Analysing Table 5 it can be seen that the only variable is the curing time for the 
creation of geopolymer concrete with different compressive strength values. 
3.3.1.1Water Absorption Percentages for the Fine and Coarse 
Aggregate 
3.3.1.2 Discussion of the effect of content of water in aggregate particles 
Calculation of the percentage of water in the fine and coarse aggregate was found to 
be particularly important to the performance of geopolymer concrete. Sumajouw and 
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Rangan(2006) state that the aggregate should be in Saturated Surface Dry (SSD) 
condition(See Figure 19). 
 
Figure 19: Various states of water absorption of aggregate particles (PCA 2012).  
However, all the sand used in Trial Batch 1 was at oven dry conditions (the 
coarse aggregates were not altered in terms of water absorption from their 
ambient state). As previously mentioned this could be the cause of the 
geopolymer concrete samples from Trial Batch 1 not effectively polymerising. It 
is possible that as both the fine and coarse aggregates are in a state where more 
moisture can be held in the particles, a significant proportion of the sodium 
hydroxide and sodium silicate solution would be absorbed by the aggregates 
(particularly the sand as it is a material that is more porous than stone and it was 
oven dried).     
3.3.1.3 Procedure to Calculate SSD Condition for Aggregates 
The following steps were undertaken to determine the percentage of water needed to 
achieve SSD condition in sand (AS1141, Section 5): 
1. 1kg of sand was weighed. 
2. The aggregate was placed into a container and water was added until the 
container was filled. 
3. The contents of the container were stirred until no more air bubbles could be 
seen trapped in the sand. 
4. The container and its contents were left for 24 hours. 
5. Excess water was removed with the use of a sieve. 
6. The sand was spread out on a steel tray (flat impervious surface) at a depth of 
10mm. 
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7. With the use of a warm air blower, the sand was dried until a colour change 
occurred. Continual mixing of the sand was important to ensure all sand 
particles were drying at a uniform rate. 
8. Sand was then scooped into a conical mould large end down. 
9. The sand was lightly tamped 25 times and the mould was filled after the sand 
was compacted. 
10. The mould was then lifted clear of the sand. 
11. The cone of sand should just be beginning to slump.  
12. The sand was then collected from the test cone and was weighed. 
13.  The weighed sand was then placed in a 500 mL flask. 
14. The flask was then filled with water to the 500 mL mark. 
15.  Shaking of the flask occurred until no air bubbles were present. 
16. The flask was then topped up with water back to the 500mL mark. 
17. The flask and its contents were weighed. 
18. The excess water was removed with the use of a sieve. 
19. Sand was then tipped onto a drying tray. 
20. The flask was then filled to the 500mL mark with water. 
21. The flask and water was weighed. 
22.  The sand was placed into an oven at 105 oC for 24 hours. The oven dried 
sand was then weighed. 
The water absorption for the sand is equal to: 
                   
           
 
              
       
            
The following procedure was used to determine SSD condition for the 7.5 and 10mm 
aggregate: 
1. A sample of the aggregates was measured. 
2. An empty basket was suspended in a container of water and weighed. 
3. The test portion of the aggregate was tipped into the basket. 
4. The basket with its aggregate contents was then placed into a container of 
water and left for 24 hours. 
5. The weight of the basket and its contents was weighed whilst still being 
suspended in the container of water. 
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6. The basket was removed from the water and its contents were placed into a 
large absorbent cloth. A change in colour signals the aggregate is surface-dry. 
7. The aggregate was then dried by heating it in an oven at 105 oC for 24 hours. 
 
The water absorption of the 7.5mm is: 
                                                      
                         
 
              
       
           
The water absorption of the 10mm aggregate is: 
                                                      
                         
 
              
       
           
 
3.3.2 Methodology for Trial Batch 2 
The following is the methodology followed to create the samples of trial batch 2: 
One day before the six cylindrical geopolymer concrete samples (200mm high x 100 
mm diameter) were made the steps listed below were followed: 
1. As NaOH(Sodium Hydroxide) pellets were utilised, it was necessary to dilute 
it with water to achieve the required molar value(8M).The water and  NaOH 
pellets were measured. The water was placed into a plastic bucket and NaOH 
pellets were gradually added and stirred in. The addition of the NaOH pellets 
to the water causes heat to be generated as it is an exothermic reaction. 
2. Once the NaOH pellets have completely dissolved in the water, the sodium 
silicate solution was added and the liquid was mixed. The top of the bucket 
was then covered with plastic wrap to minimise the chance of any 
contamination or evaporation occurring. 
The following steps were adhered to on the day of mixing: 
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3. Two batches were made for Trial Batch 2; One batch had the amount of 
water needed to achieve SSD condition for the sand, 7.5 and 10mm 
aggregate(as calculated in the section above), the other batch had the amount 
of water needed to achieve SSD plus an extra 500mL of water. Each batch 
consisted of 3 samples. 
4. The sand, fly ash, 7mm and 10mm aggregates were added to the portable 
concrete mixer and mixed for 1 minute. A sheet of plastic was used to cover 
the portable concrete mixer to stem the loss of any material (particularly fly 
ash as it is not a dense material). 
5. The solution was incrementally added to the mix. “Wet” mixing then 
occurred for 4-5 minutes. 
6. The geopolymer concrete was then placed in a wheelbarrow and was agitated 
with a scoop for 15 minutes. This is done as the polymerisation of the 
materials can take some time to activate. 
7. The six cylindrical moulds were greased to allow easier removal of the 
geopolymer concrete samples. The geopolymer concrete was then placed into 
the moulds in roughly three equal layers, with each layer being tamped with 
25 blows from the tamping rod. Each sample was also placed onto a vibration 
table for 1 minute to allow for better compaction to occur of the geopolymer 
paste. 
8. Once the geopolymer concrete was placed into the moulds, plastic wrap was 
placed over them (fastened down with elastic bands) to stop any evaporation 
occurring in the ambient and oven cured samples. 
9. Due to time constraints the 6 samples were oven cured for 24 hours at 60oC 
instead of 3 hours at 80 
o
C. The samples were then removed from their 
moulds and placed into the fog room. All the samples were then tested for 7 
day compressive strength. 
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   3.3.3 Results from Trial Batch 2 
Table 6 : Compressive strength values of Trial Batch 2 calculated after 7 days. 
Batch Type Failure Load(kN) Compressive 
Strength(MPa) 
SSD + excess water 14 1.78 
SSD + excess water 15 1.91 
SSD + excess water 13 1.65 
SSD 48 6.11 
SSD 46 5.86 
SSD Sample broke during its 
removal from the mould 
- 
3.3.4 Discussion of results from Trial Batch 2 
Both batches made for Trial Batch 2 (adding water to achieve SSD condition and the 
other batch which brought the samples to SSD condition + 500mL of  water) were a 
very liquid(slurry) that was not dissimilar to how OPC concrete is in a fresh 
state(See Figure 20). 
 
Figure 20: Geopolymer paste from Trial Batch 2. Viscosity of the mix is very low. 
However, although the level of workability was outstanding the samples were not 
producing exceedingly high 7 day compressive strength values. The batch with the 
aggregates brought to SSD condition had a sample break when it was removed from 
its mould. An average compressive strength for this batch was equal to 5.99 MPa, 
which resulted in a standard deviation of 0.18 and a variance of 0.03. 
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The batch that had the aggregates brought to SSD condition and had an additional 
500mL of water added had an average compressive strength of 1.78 MPa after 7 
days. Therefore, a standard deviation of 0.13 was achieved which results in a 
variance of 0.017. 
The data has a high degree of confidence due to the small standard deviation and 
variance that occurs for both batch types of Trial Batch 2. Due to the low 
compressive strength values found for both batch types it appears that an excess of 
water has been used and that the SSD condition values for the 7.5 and 10mm 
aggregate and sand has been calculated incorrectly. 
3.2.3 Trial Batch 3 
3.4.1 Mixture Proportions for Trial Batch 3 
The Zhao and Sanjayan geopolymer concrete mix design used in Trial Batch 2 was 
again adopted for Trial Batch 3(See Table 5). 
3.4.1.1 Water Absorption Percentages for the Fine and Coarse 
Aggregate 
SSD was recalculated using the same procedure to calculate SSD condition for the 
sand, 7.5 and 10mm aggregate as for Trial Batch 2(Conforming to AS1141). 
The water absorption required for the sand to attain SSD condition is 1.8% and for 
the 7.5 and 10 mm aggregate 1.2% water absorption is required. 
3.4.2 Methodology for Trial Batch 3 
The following is the methodology followed to create the samples of trial batch 3: 
One day before the six cylindrical geopolymer concrete samples (200mm high x 100 
mm diameter) were made the steps listed below were followed: 
1. As NaOH(Sodium Hydroxide) pellets were utilised, it was necessary to dilute 
it with water to achieve the required molar value(8M).The water and  NaOH 
pellets were measured. The water was placed into a plastic bucket and NaOH 
pellets were gradually added and stirred in. The addition of the NaOH pellets 
to the water causes heat to be generated as it is an exothermic reaction. 
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2. Once the NaOH pellets have completely dissolved in the water, the sodium 
silicate solution was added and the liquid was mixed. The top of the bucket 
was then covered with plastic wrap to minimise the chance of any 
contamination or evaporation occurring. 
The following steps were adhered to on the day of mixing: 
3. Trial Batch 3 consists of 12 samples (4 ambient cured and 8 oven cured at 
80
o
C for 3 hours). The necessary amounts of water needed to bring the  
sand,7mm and 10mm aggregates to SSD was calculated in the section above.  
4. The sand, fly ash, 7mm and 10mm aggregates were added to the portable 
concrete mixer and mixed for 1 minute.  
5. The solution was incrementally added to the mixer. Then “wet” mixing 
occurred for 4-5 minutes. A sheet of plastic was used to cover the portable 
concrete mixer to stop the loss of any material (particularly fly ash as it is not 
a dense material). 
6. The geopolymer concrete was then placed in a wheelbarrow and was agitated 
with a scoop for 15 minutes. This is done as the polymerisation of the 
materials can take some time to activate. 
7. The six cylindrical moulds were greased to allow easier removal of the 
geopolymer concrete samples. The geopolymer concrete was then placed into 
the moulds in roughly three equal layers, with each layer being tamped with 
25 blows from the tamping rod. Each sample was also placed onto a vibration 
table for 1 minute to allow for better compaction to occur of the geopolymer 
paste. 
8. Once the geopolymer concrete was placed into the moulds, plastic wrap was 
placed over them (fastened down with elastic bands) to stop any evaporation 
occurring in the ambient and oven cured samples. 
9. 8 of the samples were oven cured at 80 oC for 3 hours whilst the other 4 
samples were cured in ambient conditions for 24 hours. Once the samples 
curing regime was complete they were placed into the fog room until testing 
occurred (See Figure 21 and Figure 22). 
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Figure 21: Two geopolymer concrete samples that were oven cured and tested after 62 days. 
 
Figure 22: Two geopolymer concrete samples that were ambient cured and tested after 62 days. 
 
3.4.3 Results from Trial Batch 3 
Table 7:  3 day test of Trial Batch 3 geopolymer concrete samples(One sample tested of each curing type). 
Curing Type Peak Compressive Stress (MPa) 
Ambient Cured 0.76 
Oven Cured- 3 hours 12.46 
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Figure 23:Stress-Strain Curves for the Ambient Cured Samples of Trial Batch 3 
 
Figure 24:Stress-Strain Curves for the Oven Cured Samples of Trial Batch 3 
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Figure 25: Average and Peak Stress of Oven Cured and Ambient Cured Samples from Trial Batch 3 
3.4.4 Discussion of results from Trial Batch 3 
Table 7 summarises the peak compressive strength achieved after 3 days for one 
sample each of the ambient and oven cured geopolymer concrete specimens. After 3 
days the oven cured sample of geopolymer concrete is approximately sixteen times 
stronger than the ambient cured sample. Over a short period of time (in this instance 
3 days) the type of curing applied to the geopolymer specimens is a major factor on 
the sample's compressive strength.  
Figure 23 shows the stress-strain curves for the three ambient cured samples tested 
62 days after they were batched. The ambient cured samples are exhibiting a brittle 
form of failure, whereby once the peak compressive strength is achieved the 
geopolymer concrete sample fractures or separates into pieces under the action of the 
applied stress.   
Sample 1 and Sample 2 of Figure 23 show small ridges in the section of the stress-
strain curve where elastic deformation occurs. These ridges could be due to voids in 
the geopolymer concrete sample specimens. The strain at peak stress of samples 2 
and 3 are similar (0.022). However, sample 1 has a strain of 0.032 at peak stress. 
There is great variability present in the 62 day ambient cured samples of Trial Batch 
3. 
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Figure 24 shows the stress-strain curves for the seven oven cured samples tested 62 
days after they were batched. Overall the oven cured samples are also exhibiting a 
brittle form of failure but samples 1 and 6 are failing in a more elastic manner 
compared to the ambient cured samples in Figure 23. Sample 5 has some ridges 
present in the elastic section of its stress-strain curve due to voids in the geopolymer 
concrete specimen. Strain at peak stress is also highly variable.  
Figure 25 is a bar chart of the compressive strength of all samples(ambient and oven 
cured) tested after 62 days in Trial Batch 3. Preliminary findings from this Trial 
Batch indicate that the curing regime is significant for compressive strength values 
obtained over a short period of time (3 days) but is not an issue for samples that have 
had significant time to properly polymerise (62 days). From this Trial Batch the 
average compressive strength of the ambient cured samples was greater than the 
average compressive strength of the oven cured samples. 
Due to a high standard deviation (5.3 for the ambient cured samples and 6.1 for the 
oven cured samples) which in turn creates a large variance in the data (28.1 for the 
ambient cured samples and 37.3 for the oven cured samples), the trends found cannot 
be verified with a high degree of confidence.  
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3.3 Main experimental program 
This report intends to calculate the compressive strength, Poisson’s ratio, modulus of 
elasticity, the strain at peak stress and finally develop a stress-strain curve for 
geopolymer concrete samples. Five batches of ten samples were created with the 
following properties: 
Batch 1 consists of the mix design shown in Table 8. Two samples were tested on 
7,14,21,28 and 56 days. 
Table 8:  The mix design of Batch 1 
Materials Amount(kg/m
3
) 
Alkaline liquid/fly ash 0.45 
Fly ash (kg/m
3
) 381 
NaOH solution (8 M): (kg/m
3
) 49 
NaSiO4 solution (Grade D): (kg/m
3
) 122 
Fine aggregate: (kg/m
3
) 554 
Coarse aggregate: (kg/m
3
) 1294 
Curing condition and time(hours) Ambient Cured for 24 hours 
Polypropylene fibres (by weight of all 
other constituents) 
0.15% 
   
Batch 2 consists of the mix design shown in Table 9. Two samples were tested on 
7,14,21,28 and 49 days. Four strain gauges were applied to the two samples tested at 
28 days. 
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Table 9: The mix design of Batch 2 
Materials Amount(kg/m
3
) 
Alkaline liquid/fly ash 0.45 
Fly ash (kg/m
3
) 381 
NaOH solution (8 M): (kg/m
3
) 49 
NaSiO4 solution (Grade D): (kg/m
3
) 122 
Fine aggregate: (kg/m
3
) 554 
Coarse aggregate: (kg/m
3
) 1294 
Curing condition and time(hours) Ambient Cured for 24 hours 
Polypropylene fibres (by weight of all 
other constituents) 
0 
 
Batch 3 consists of the mix design shown in Table 10. Two samples were tested on 
7,14,21,28 and 49 days. Four strain gauges were applied to the two samples tested at 
28 days. 
Table 10: The mix design of Batch 3 
Materials Amount(kg/m
3
) 
Alkaline liquid/fly ash 0.45 
Fly ash (kg/m
3
) 381 
NaOH solution (8 M): (kg/m
3
) 49 
NaSiO4 solution (Grade D): (kg/m
3
) 122 
Fine aggregate: (kg/m
3
) 554 
Coarse aggregate: (kg/m
3
) 1294 
Curing condition and time(hours) Oven Cured for 3 hours 
Polypropylene fibres (by weight of all 
other constituents) 
- 
 
Batch 4 consists of the mix design shown in Table 11. Two samples were tested on 
7,14,21,28 and 42 days. Four strain gauges were applied to the two samples tested at 
28 days. 
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Table 11: The mix design of Batch 4 
Materials Amount(kg/m
3
) 
Alkaline liquid/fly ash 0.45 
Fly ash (kg/m
3
) 381 
NaOH solution (8 M): (kg/m
3
) 49 
NaSiO4 solution (Grade D): (kg/m
3
) 122 
Fine aggregate: (kg/m
3
) 554 
Coarse aggregate: (kg/m
3
) 1294 
Curing condition and time(hours) Ambient Cured for 24 hours 
Polypropylene fibres (by weight of all 
other constituents) 
0.05% 
 
Batch 5 consists of the mix design shown in Table 12.Two samples were tested on 
7,14,21,28 and 35 days. Four strain gauges were applied to the two samples tested at 
28 days.   
Table 12: The mix design of Batch 5 
Materials Amount(kg/m
3
) 
Alkaline liquid/fly ash 0.45 
Fly ash (kg/m
3
) 381 
NaOH solution (8 M): (kg/m
3
) 49 
NaSiO4 solution (Grade D): (kg/m
3
) 122 
Fine aggregate: (kg/m
3
) 554 
Coarse aggregate: (kg/m
3
) 1294 
Curing condition and time(hours) Oven cured for 6 hours 
Polypropylene fibres (by weight of all 
other constituents) 
0 
 
 
 
 
 
46 
 
3.5.1 Methodology 
One day before each batch of geopolymer concrete samples (200mm high x 100 mm 
diameter) were made the steps listed below were adhered to: 
1. As NaOH(Sodium Hydroxide) pellets were utilised, it was necessary to dilute 
it with water to achieve the required molar value(8M).The required water and  
NaOH pellets were measured. The water was placed into a plastic bucket and 
NaOH pellets were gradually added and stirred in. The addition of the NaOH 
pellets to the water causes heat to be generated as it is an exothermic 
reaction. 
2. Once the NaOH pellets have completely dissolved in the water, the required 
amount of sodium silicate solution was added and the liquid solution was 
mixed. The top of the bucket was then covered with plastic wrap to minimise 
the chance of any contamination or evaporation occurring (See Figure 17). 
3. All the required amounts of aggregate (coarse and fine) were measured as per 
the mix designs listed in Table 8, Table 9,Table 10 ,Table 11 and Table 12 
respectively. The aggregates were then placed into buckets and were soaked 
in water overnight (See Figure 26). 
 
Figure 26:  The sand and 7.5 and 10 mm aggregate are soaked overnight in buckets. 
The following steps were adhered to on the day of mixing: 
3. Due to the issue of finding SSD condition as set out in AS1141 (implemented 
in Trial Batch 2 and 3), SSD will be proven by visual inspection (as per 
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AS114.5). The soaked aggregate is placed on tarps lined with newspaper and 
is left to dry for a couple of hours (See Figure 27).  
 
Figure 27: The soaked aggregates are allowed to dry on a paper lined tarp. SSD is determined through 
visual inspection as per AS1141.5. 
 
4. Once SSD of the aggregates was determined(by visual inspection), the sand, 
fly ash, 7mm and 10mm aggregates were added to the portable concrete 
mixer and mixed for 1 minute. If the batch includes polypropylene fibres they 
should be added with the other dry ingredients. 
5. Slowly add the solution produced the day before to the mixer. This “wet” 
mixing occurred for 4-5 minutes. A sheet of plastic was used to cover the 
portable concrete mixer to stop the loss of any material (particularly fly ash 
as it is not a dense material). 
6. The geopolymer concrete was then placed in a wheelbarrow and was agitated 
with a scoop for 15 minutes. This is done as the polymerisation of the 
materials can take some time to activate. 
7. The steel cylindrical moulds were greased to allow easier removal of the 
geopolymer concrete samples. The geopolymer concrete was then placed into 
the moulds in roughly three equal layers, with each layer being tamped with 
25 blows from the tamping rod. Each sample was also placed onto a vibration 
table for 1 minute to allow for better compaction to occur of the geopolymer 
paste. 
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8. Once the geopolymer concrete was placed into the moulds, plastic wrap was 
placed over them (fastened down with elastic bands) to stop any evaporation 
occurring in the ambient and oven cured samples. 
3.5.2 Casting and Curing 
Each batch of geopolymer concrete was then cast into the steel cylindrical moulds. 
Three curing regimes were implemented: ambient curing in the workshop for 24 
hours and oven curing samples for 3 and 6 hours at 80 
o
C. 
 
Figure 28: Geopolymer concrete samples cast and allowed to cure at ambient temperature for 24 hours. 
 
Figure 29: Geopolymer concrete samples cast into the steel cylindrical moulds and oven cured for 3 or 6 
hours at 80oC. 
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The geopolymer concrete samples were then removed from their moulds after their 
curing regime was complete and placed into the fog room until they were required 
for testing. 
3.5.3 Post Curing 
On the day of testing each geopolymer concrete sample was designated a number for 
identification purposes, weighed (the scales had an accuracy to 0.01g) and the height 
and diameter was also recorded. For accuracy the diameter value was taken at 3 
points on the sample and the average was calculated and adopted for further analysis 
(creation of stress-strain curves). 
 
Figure 30: The height and diameter of each sample was measured with this measuring device. 
3.5.4 Strain Gauge Preparation 
Strain gauges were applied to some samples batched(Batches 2,3,4 and 5 at 28 days). 
This section will outline the process of applying strain gauges to the geopolymer 
specimens to record hoop strain. 
Minor surface preparation was undertaken (such as sanding smooth areas) on the  
geopolymer concrete samples before they were liberally covered with the epoxy 
resin and hardener(Figure 31 and Figure 32) to create a smooth surface to glue the 
strain gauges on to(Figure 33).  
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Figure 31: Epoxy resin applied to the geopolymer concrete to create a smooth surface to glue the strain 
gauges to. 
 
Figure 32: The hardener that is used in conjunction with the epoxy resin. Ratios of epoxy resin to hardener 
is supplied on the containers. 
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Figure 33: The strain gauges utilised to collect the hoop strain data. 
The resin was left to set overnight before the samples had two strain gauges attached 
in a horizontal plane to record the hoop strain of the geopolymer concrete specimen 
whilst being under a load applied by the SANS Compression Testing 
Machine(Figure 34).  
 
Figure 34: An example of a geopolymer concrete specimen with strain gauges attached to determine hoop 
stress.  The DEMEC gauge locators are also present in this photo.  
It is important to note that strain gauges do not yield accurate results after the peak 
load has occurred due to cracking and strain localisation.  
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3.6 Compressive strength 
All samples will be tested until failure on a SANS hydraulic compression testing 
machine. The compressive strength of the samples will be the peak load applied by 
the machine divided by the cross sectional area of the sample. 
 
Figure 35: Sans Hydraulic Compression Testing Machine. 
 
Figure 36: Steel cap that is placed on top of the geopolymer concrete samples to ensure the load applied by 
the compression testing machine is distributed evenly over the cross-sectional area of the sample. 
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3.6.1 Compression Testing 
Due to the workplace health and safety requirements of University of Southern 
Queensland (USQ), Toowoomba, it was required that trained technical staff set up 
and operate the testing equipment. 
A loading rate of 2mm/minute was used for compressive testing which allowed the 
specimen to deform under loading without a dynamic loading effect, which produces 
more accurate results. This is done with accordance of AS 1012.9-1999. 
3.6.2 Compression Testing Outputs 
Data (load, deformation and time) was being captured for the duration of the 
compression testing of the geopolymer concrete samples (Figure 37). If strain gauges 
were applied to the geopolymer concrete samples strain, load and time were being 
calculated independently of the values being processed by the SANS compression 
testing machine (Figure 38 and Figure 39). 
 
Figure 37: The computer used to capture the data from the platen to platen method of the SANS 
compression testing machine (load, time and sample displacement in the longitudinal direction). 
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Figure 38: The computer used to record the data generated from the strain gauges (load, time and hoop 
strain). 
 
Figure 39: The system used to read the data being collected from the strain gauges attached to the 
geopolymer concrete samples. 
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4. Results 
4.1 Development of a stress-strain curve 
The data captured during testing is imported into Microsoft Excel, where stress-
strain curves can be created by converting the load (N) applied to the sample at a 
point in time to a pressure (MPa) (which is plotted on the y-axis) and a displacement 
which is converted into a strain based on the height of the geopolymer concrete 
specimen (which is plotted on the x-axis). 
 
Figure 40: Example of a stress-strain curve produced for geopolymer concrete. A linear regression has 
been applied to a section of the curve to determine the modulus of elasticity of the sample. 
4.2 Poisson’s Ratio 
Poisson's ratio ν is the ratio of transverse contraction strain to longitudinal extension 
strain in the direction of stretching force. Tensile deformation is considered positive 
and compressive deformation is considered negative. The definition of Poisson's 
ratio contains a minus sign so that normal materials have a positive ratio (Lakes 
2011). Poisson’s ratio has only been calculated for batches 2, 3, 4 and 5 on 28 day 
samples as there were a limited number of strain gauges supplied. 
ν = - εtransverse /εlongitudinal  
Equation 2: Poisson’s Ratio 
y = 1944.3x - 13.594 
R² = 0.995 
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4.3 Modulus of elasticity 
Young’s Modulus E (MPa) = Stress Ordinate (MPa) / Strain Abscissa 
Equation 3: Young’s Modulus 
 
Figure 41: Example of a Stress- Strain Curve (CIV3906 2011, p.24) 
The modulus of elasticity is calculated on the positive (elastic deformation) sloping 
section of the stress strain curve. It is the gradient of this section of the curve (See 
Figure 40). 
4.4 Strain at Peak Stress 
The strain at peak stress will be interpolated off the stress-strain diagrams of the 
geopolymer concrete samples (See Figure 40). 
57 
 
4.5 Batch 1 
4.5.1 7 Day Samples 
 
Figure 42: Batch 1, 7 Day Test: Sample 1 
 
 
Figure 43: Batch 1, 7 Day Test: Sample 2 
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Figure 44: Comparison of Stress-Strain Curves of 7 Day Samples of Batch 1 
Table 13:Sample Characteristics of Batch 1, 7 Day Samples 
 Diameter (mm) Average 
Diameter 
(mm) 
Height (mm) Weight (g) Density 
(kg/m
3
) 
Sample 1 100.2,99.8,100 100 200 3538.7 2252.8 
Sample 2 99.9,100.1,100 100 200 3615.8 2301.9 
 
4.5.1.1Discussion of Batch 1, 7 Day Samples 
Figure 42 shows Sample 1 of Batch 1(7 day testing) at failure. A large crack runs in 
a vertical fashion (parallel to the height of the sample) for the top half of the sample. 
The crack then travels to the bottom of Sample 1 on a 45
o 
angle where it appears 
crushing at the bottom of the sample occurred. 
Figure 43 shows Sample 2 of Batch 1(7 day testing) at failure. A large crack runs in 
a roughly vertical fashion (parallel to the height of the sample) for the entire height 
of the sample. Crushing has occurred at the bottom of Sample 2.  
The stress-strain curve developed for Sample 1 and Sample 2(See Figure 44) had the 
following characteristics derived: 
 Modulus of elasticity 
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 Peak stress 
 Strain at peak stress 
Table 14 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 1 tested at 7 days in compression.  
Table 14: Values derived from stress-strain curves of samples from Batch 1(7 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 777.83 7.66 0.01421 
Sample 2 921.89 7.74 0.01345 
Average 849.86 7.70 0.01383 
4.5.2 14 Day Samples 
 
Figure 45: Batch 1, 14 Day Test: Sample 1 
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Figure 46: Batch 1, 14 Day Test: Sample 2 
 
Figure 47: Comparison of Stress-Strain Curves of 14 Day Samples of Batch 1 
Table 15: Characteristics of Batch 1, 14 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100,99.8,100.3 100.03 200 3555.8 2262.3 
Sample 2 99.9,99.7,100.3 99.96 200 3513.8 2238.5 
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4.5.2.1 Discussion of Batch 1, 14 Day Samples 
Figure 45 shows Sample 1 of Batch 1(14 day testing) at failure. Large cracks run in 
an approximately vertical fashion (parallel to the height of the sample) for the height 
of the sample. The cracks then appear to widen at the bottom of Sample 1 due to a 
lack of polypropylene fibres.
 
The load applied to Sample 1 appears to have crushed 
the bottom of the sample. 
Figure 46 shows Sample 2 of Batch 1(14 day testing) at failure. Crushing has 
occurred at the top of the sample due to a lack of polypropylene fibres in that area of 
the sample. Some hairline cracks then propagate the sample from the top to the 
middle(parallel to the height of the sample). 
The stress-strain curve developed for Sample 1 and Sample 2(See Figure 47) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
Table 16 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 1 tested at 14 days in compression.  
Table 16: Values derived from stress-strain curves of samples from Batch 1(14 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1296.7 11.35 0.01549 
 Sample 2 1346.9 12.60 0.01553 
Average 1321.8 11.975 0.01551 
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4.5.3 21 Day Samples 
 
Figure 48: Batch 1, 21Day Test: Sample 1 
The SANS compression machine malfunctioned during compression testing of 
Sample 1, which has caused the data collected to be corrupt and a stress-strain curve 
was not produced. 
 
Figure 49: Batch 1, 21Day Test: Sample 2 
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Figure 50: Batch 1, 21 Day Test: Sample 2 Stress-Strain Curve 
Table 17: Characteristics of Batch 1, 21 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100.9,101.4,101.2 101.16 197 3555 2245.3 
Sample 2 101.2,101.2,100.9 101.1 195 3542 2262.7 
 
4.5.3.1 Discussion of Batch 1, 21 Day Samples 
Figure 48 shows Sample 1 of Batch 1(21 day testing) at failure. Small hairline cracks 
appear across the surface of the sample in a random manner. The distribution of 
polypropylene fibres is consistent throughout the sample and this has prevented large 
fractures occurring in the sample. 
Figure 49 shows Sample 2 of Batch 1(21 day testing) at failure. Minor cracks have 
appeared across the surface of the sample(one running from top to the bottom of the 
sample, parallel to the height). Distribution of polypropylene fibres is not ideal in 
this sample as there are large areas where no fibres are present. Figure 50 shows a 
number of voids were present in the sample as the elastic section of the curve has a 
number of ridges present. 
The stress-strain curve developed for Sample 2(See Figure 50) had the following 
characteristics derived: 
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 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
These characteristics used to define the behaviour of the geopolymer concrete 
samples from Batch 1 tested at 21 days in compression have been summarised in 
Table 18 . 
Table 18: Values derived from stress-strain curves of samples from Batch 1(21 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
 Sample 2 1077.6 19.77 0.01925 
 
4.5.4 28 Day Samples 
 
Figure 51: Batch 1, 28 Day Test: Sample 1 
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Figure 52: Batch 1, 28 Day Test: Sample 2 
 
Figure 53: Comparison of Stress-Strain Curves of 28 Day Samples of Batch 1 
Table 19: Characteristics of Batch 1, 28 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 99.9,99.8,99.8 99.83 201 3529 2243.1 
Sample 2 99.9,100,100 99.96 201 3538 2243.0 
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4.5.4.1 Discussion of Batch 1, 28 Day Samples 
Figure 51 shows Sample 1 of Batch 1(28 day testing) at failure. Minor hairline 
cracks are present on the sample but it appears as if the sample has not been tamped 
and vibrated properly during casting as crushing seems to be the mode of failure(at 
the top of the sample). 
Figure 52 shows Sample 2 of Batch 1(28 day testing) at failure. This sample also 
appears to have failed in a similar way to Sample 1(tested at 28 days) as minor 
hairline cracks are present and crushing has occurred at the top of the sample.  
The stress-strain curve developed for Sample 1 and Sample 2(See Figure 53) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
Table 20 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 1 tested at 28 days in compression.  
Table 20: Values derived from stress-strain curves of samples from Batch 1(28 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1315.3 17.17 0.01689 
 Sample 2 1567.2 18.98 0.01354 
Average 1441.2 18.07 0.01521 
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4.5.5 56 Day Samples 
 
Figure 54: Batch 1, 56 Day Test: Sample 1 
 
Figure 55: Batch 1, 56 Day Test: Sample 2 
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Figure 56: Comparison of Stress-Strain Curves of 56 Day Samples of Batch 1 
Table 21: Characteristics of Batch 1, 56 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 99.9,99.9,99.9 99.90 200 3505 2235.8 
Sample 2 99.9,100,100.1 100 204 3567 2226.3 
 
4.5.5.1 Discussion of Batch 1, 56 Day Samples 
Figure 54 shows Sample 1 of Batch 1(56 day testing) at failure. Minor cracking can 
be seen at the top section of the geopolymer concrete sample. However, no large 
fractures are present due to a relatively well dispersed amount of polypropylene 
fibres in the geopolymer concrete sample.  
Figure 55 shows Sample 2 of Batch 1(56 day testing) at failure. This sample also 
appears to have failed in a similar way to Sample 1(tested at 56 days) as minor 
hairline cracks are present.  
The stress-strain curve developed for Sample 1 and Sample 2(See Figure 56) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
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Table 22 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 1 tested at 56 days in compression.  
Table 22: Values derived from stress-strain curves of samples from Batch 1(56 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1191.8 21.21 0.02192 
 Sample 2 1305.6 21.72 0.02136 
Average 1248.7 21.46 0.02164 
 
4.5.6 Discussion of Batch 1 
Figure 57 shows the compressive strength development of the geopolymer concrete 
samples from Batch 1. The development of compressive strength occurs quite 
rapidly from 7 to 28 days and tapers off from 28 to 56 days. The single 21 day 
sample from Batch 1 could be an outlier of the data due to the compression testing 
machine malfunctioning on that day of testing. 
 
Figure 57: Compressive strength development of samples from Batch 1(7-56 days). 
Figure 58 details the modulus of elasticity of samples from Batch1 over the 56 days 
of testing. Figure 59 shows the strain at peak stress of the geopolymer concrete 
samples(from Batch 1).  The samples tested at 7 days have the lowest modulus of 
elasticity and low strain at peak stress values. A low modulus of elasticity but a high 
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strain value at peak stress has occurred for the sample tested at 21 days. Figure 50 
explains this phenomena as it can be seen that the elastic section of this particular 
stress-strain curve has a gentler slope, which results in a smaller modulus of 
elasticity value. After 7 days the modulus of elasticity of samples from Batch 1 is 
relatively independent of the age of the geopolymer concrete sample. Geopolymer 
concrete samples from Batch 1 appear to have a larger strain value at peak stress as 
the age of the sample increases. 
 
 
Figure 58: Modulus of elasticity of samples from Batch 1(7-56 days). 
 
Figure 59: Strain at peak stress of samples from Batch 1(7-56 days). 
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4.6 Batch 2 
4.6.1 7 Day Samples 
 
Figure 60: Batch 2, 7 Day Test: Sample 1 
 
Figure 61: Batch 2, 7 Day Test: Sample 2 
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Figure 62: Comparison of Stress-Strain Curves of 7 Day Samples of Batch 2 
Table 23:Sample Characteristics of Batch 2, 7 Day Samples 
 Diameter (mm) Average 
Diameter 
(mm) 
Height (mm) Weight (g) Density 
(kg/m
3
) 
Sample 1 100.2,100.4,100 100.2 200 3672.3 2328.5 
Sample 2 99.9,99.8,99.7 99.8 200 3611.7 2308.5 
 
4.6.1.1 Discussion of Batch 2, 7 Day Samples 
Figure 60 shows Sample 1 of Batch 2(7 day testing) at failure. A large crack runs in 
a vertical fashion (parallel to the height of the sample) for the height of the sample. 
Near the bottom of the sample a smaller hairline crack branches off at a 45
o
 angle. 
Clean fracturing of the sample has occurred. 
Figure 61 shows Sample 2 of Batch 2(7 day testing) at failure. A large crack runs in 
a roughly vertical fashion (parallel to the height of the sample) for the top half  of the 
sample. The crack then branches off into two other cracks at a 45
o
 angle to the first 
major crack(the cracks resemble an upside down capital Y shape).  
The stress-strain curve developed for Sample 1 and Sample 2(See Figure 62) had the 
following characteristics derived: 
 Modulus of elasticity 
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 Peak stress 
 Strain at peak stress 
Table 24 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 2 tested at 7 days in compression.  
Table 24: Values derived from stress-strain curves of samples from Batch 2(7 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1281.4 11.31 0.01499 
Sample 2 1532.7 13.51 0.01165 
Average 1407.05 12.41 0.01332 
 
4.6.2 14 Day Samples 
 
Figure 63: Batch 2, 14 Day Test: Sample 1 
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Figure 64: Batch 2, 14 Day Test: Sample 2 
 
Figure 65: Comparison of Stress-Strain Curves of 14 Day Samples of Batch 2 
Table 25: Characteristics of Batch 2, 14 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100.1,100.1,100.2 100.13 200 3619.0 2297.9 
Sample 2 99.8,99.7,99.2 99.56 199 3553.0 2293.4 
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4.6.2.1 Discussion of Batch 2, 14 Day Samples 
Figure 63 shows Sample 1 of Batch 2(14 day testing) at failure. One large cracks 
runs in an approximately vertical fashion (parallel to the height of the sample) for the 
height of the sample. On the right hand side of the sample it appears as if the 
geopolymer concrete has spalled. 
Figure 64 shows Sample 2 of Batch 2(14 day testing) at failure. A few minor hairline 
cracks are present at the top of the sample. In the centre of the sample slivers of 
geopolymer concrete have fractured from the sample whilst the compressive load 
was applied. 
The stress-strain curve developed for Sample 1 and Sample 2(See Figure 65) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
Table 26 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 2 tested at 14 days in compression.  
Table 26: Values derived from stress-strain curves of samples from Batch 2(14 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1372.2 22.98 0.02028 
Sample 2 1253.8 22.96 0.01853 
Average 1313.0 22.97 0.01941 
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4.6.3 21 Day Samples 
 
Figure 66: Batch 2, 21 Day Test: Sample 1 
 
Figure 67: Batch 2, 21 Day Test: Sample 2 
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Figure 68: Comparison of Stress-Strain Curves of 21 Day Samples of Batch 2 
Table 27: Characteristics of Batch 2, 21 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 99.6,99.7,99.8 99.7 202 3628.0 2300.6 
Sample 2 99.8,99.6,99.3 99.56 201 3556.0 2272.5 
 
 
4.6.3.1 Discussion of Batch 2, 21 Day Samples 
Figure 66 shows Sample 1 of Batch 2(21 day testing) at failure. Large cracks run in 
an approximately vertical fashion (parallel to the height of the sample) for the height 
of the sample. Two-thirds of the way down the sample the major fracture propagates 
into 2 smaller hairline cracks that meet it at a 45
o
 angle(which  creates an upside 
down Y-shape). Also visible is a large crack on the right hand side of the sample. 
Crushing has also occurred at the bottom of Sample 1. 
Figure 67 shows Sample 2 of Batch 2(21 day testing) at failure. Large cracks have 
propagated throughout the sample in a seemingly random formation. Slivers of 
approximately 2 cm in length have been fractured cleanly off the sample.  
The stress-strain curve developed for Sample 1 and Sample 2(See Figure 68) had the 
following characteristics derived: 
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 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
Table 28 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 2 tested at 21 days in compression.  
Table 28: Values derived from stress-strain curves of samples from Batch 2(21 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1514 26.70 0.01740 
 Sample 2 1399.1 26.83 0.01990 
Average 1456.5 26.76 0.01865 
 
4.6.4 28 Day Samples 
  
Figure 69: Comparison of Stress-Strain Curves of 28 Day Samples of Batch 2 
Table 29: Characteristics of Batch 2, 28 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100.2,101,100.9 100.7 202 3654.0 2271.3 
Sample 2 100.4,100.4,100.3 100.36 205 3686.0 2272.9 
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4.6.4.1 Discussion of Batch 2, 28 Day Samples 
The stress-strain curve developed for Sample 1 and Sample 2(See Figure 69) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Axial and lateral strain at peak stress 
Samples of Batch 2 tested at 28 days had 2 strain gauges attached to record the 
lateral strain of the samples. One of the strain gauges attached to Sample 2 did not 
record any data, this was due to poor handling whilst fixing the strain gauge to the 
sample (the strain gauge was accidently overstrained). Both samples failed in a 
brittle manner. 
Table 30 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 2 tested at 28 days in compression.  
Table 30: Values derived from stress-strain curves of samples from Batch 2(28 Day Testing) 
 Modulus of 
Elasticity 
(MPa) 
Peak Stress 
(MPa) 
Axial Strain at Peak 
Stress 
Lateral 
Strain at 
Peak Stress 
Poisson’s 
Ratio 
Sample 1 1067.3 25.99 0.02231 -0.00205, 
-0.00324 
0.1186 
 Sample 2 1352.4 24.17 0.02278 -0.003017 0.1324 
Average 1209.8 25.08 0.02254 0.002831 0.1255 
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4.6.5 49 Day Samples 
 
Figure 70: Batch 2, 49 Day Test: Sample 1 
 
Figure 71: Batch 2, 49 Day Test: Sample 2 
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Figure 72: Comparison of Stress-Strain Curves of 49 Day Samples of Batch 2 
Table 31: Characteristics of Batch 2, 49 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100,99.9,99.8 99.90 200 3560 2270.9 
Sample 2 99.9,100,100.1 100 200 3561 2267.0 
 
4.6.5.1 Discussion of Batch 2, 49 Day Samples 
Figure 70 shows Sample 1 of Batch 2(49 day testing) at failure. The sample has 
some large fractures travelling in a direction parallel to the height of the sample. 
Sections of the geopolymer concrete have fractured from the sample due to the 
applied compressive load. 
Figure 71 shows Sample 2 of Batch 2(49 day testing) at failure. A large crack runs 
the height of the sample (parallel to the height) on the right hand side of said sample. 
Crushing has occurred around the top of the sample were the geopolymer concrete 
has not been effectively compacted into the mould.  
The stress-strain curve developed for Sample 1 and Sample 2(See Figure 72) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
0 
5 
10 
15 
20 
25 
30 
0 0.005 0.01 0.015 0.02 0.025 
St
re
ss
(M
P
a)
 
Strain 
Batch 2-49Day Samples 
Series1 
Series2 
82 
 
 Strain at peak stress 
Table 32 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 2 tested at 49 days in compression.  
Table 32: Values derived from stress-strain curves of samples from Batch 2(49 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1084.3 27.48 0.02223 
 Sample 2 1353.2 25.60 0.02069 
Average 1218.7 26.54 0.02146 
 
4.6.6 Discussion of Batch 2 
Figure 73 shows the compressive strength development of the geopolymer concrete 
samples from Batch 2. The development of compressive strength occurs quite 
rapidly from 7 to 28 days and tapers off from 28 to 49 days. The 21 days samples 
appear to be outliers of the overall trend of strength development over time. This 
could be due to the low workability experienced with the geopolymer concrete 
batches which can lead to inconsistency when some samples are compacted better 
than others in the same batch. 
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Figure 73: Compressive strength development of samples from Batch 2(7-49 days). 
Figure 74 details the modulus of elasticity of samples from Batch 2 over the 49 days 
of testing. The modulus of elasticity of the samples from Batch 2 appears to be 
reasonably constant with age, as the majority of values recorded lie between 1000 
and 1500 MPa.   
 
Figure 74: Modulus of elasticity of samples from Batch 2(7-49 days). 
Figure 75 shows the strain at peak stress of the geopolymer concrete samples(from 
Batch 2).  A similar trend to compressive strength development with regard to age is 
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occurring for strain at peak stress values. The 7 day samples had high modulus of 
elasticity as compared to samples tested on other days but have the lowest strain 
values occurring at peak stress. The largest strain at peak stress values occurred at 28 
days, albeit the strain values at peak stress for the 49 day samples are fractionally 
smaller. 
 
Figure 75: Strain at peak stress of samples from Batch 2(7-49 days). 
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4.7 Batch 3 
4.7.1 7 Day Samples 
 
Figure 76: Batch 3, 7 Day Test: Sample 1 
 
 
Figure 77: Batch 3, 7 Day Test: Sample 2 
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Figure 78: Comparison of Stress-Strain Curves of 7 Day Samples of Batch 3 
Table 33: Sample Characteristics of Batch 3, 7 Day Samples 
 Diameter (mm) Average 
Diameter 
(mm) 
Height (mm) Weight (g) Density 
(kg/m
3
) 
Sample 1 100,100.4,100.9 100.43 200 3628.7 2290.4 
Sample 2 100.2,100.1,100.3 100.2 200 3637.6 2306.5 
 
4.7.1.1 Discussion of Batch 3, 7 Day Samples 
Figure 76 shows Sample 1 of Batch 3(7 day testing) at failure. A large crack on the 
right hand side of the sample runs in a vertical fashion (parallel to the height of the 
sample) for the height of the sample. Numerous cracks have appeared at the top of 
the sample and a 5cm piece of geopolymer concrete has cleanly fractured off the 
sample. 
Figure 77 shows Sample 2 of Batch 3(7 day testing) at failure. A large section of the 
sample located on the right hand side has fractured from the sample. Other sections 
of geopolymer concrete are only being held in place by the cap placed on top of the 
sample to ensure the load is distributed evenly across the cross-sectional area of the 
sample. 
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The stress-strain curve developed for Sample 1 and Sample 2(See Figure 78) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
Table 34 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 3 tested at 7 days in compression.  
Table 34: Values derived from stress-strain curves of samples from Batch 3(7 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1549.0 16.53 0.01587 
Sample 2 1489.9 15.37 0.01401 
Average 1519.4 15.95 0.01494 
 
4.7.2 14 Day Samples 
 
Figure 79: Batch 3, 14 Day Test: Sample 1 
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Figure 80: Batch 3, 14 Day Test: Sample 2 
 
Figure 81: Comparison of Stress-Strain Curves of 14 Day Samples of Batch 3 
Table 35: Characteristics of Batch 3, 14 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100.3,100.2,99.9 100.13 203 3607.0 2256.5 
Sample 2 99.9,100.6,100.4 100.3 204 3595.0 2230.4 
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4.7.2.1 Discussion of Batch 3, 14 Day Samples 
Figure 79 shows Sample 1 of Batch 3(14 day testing) at failure. Minor hairline 
cracks are present across the surface of the sample but a large section of the sample 
is missing (fractured off) in the centre of the sample as seen in the photo. 
Figure 80 shows Sample 2 of Batch 3(14 day testing) at failure. Minor cracks have 
appeared at the bottom section of the sample, where it appears crushing has also 
occurred. On the left hand side of the sample sections of geopolymer concrete have 
been brought close to fracturing from the geopolymer concrete sample. 
The stress-strain curve developed for Sample 1 and Sample 2(See Figure 81) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
Table 36 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 3 tested at 14 days in compression.  
Table 36: Values derived from stress-strain curves of samples from Batch 3(14 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1446.1 19.93 0.01809 
Sample 2 1778.0 18.73 0.01686 
Average 1612.0 19.33 0.01747 
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4.7.3 21 Day Samples 
 
Figure 82: Batch 3, 21 Day Test: Sample 1 
 
Figure 83: Batch 3, 21 Day Test: Sample 2 
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Figure 84: Comparison of Stress-Strain Curves of 21 Day Samples of Batch 3 
Table 37: Characteristics of Batch 3, 21 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100.1,100.2,100.4 100.23 206 3618.0 2225.9 
Sample 2 99.6,100.1,99.7 99.8 206 3567.0 2213.5 
 
 
4.7.3.1 Discussion of Batch 3, 21 Day Samples 
Figure 82 shows Sample 1 of Batch 3(21 day testing) at failure. Large cracks have 
appeared on the top half of the sample (acting in a direction parallel to the height of 
the sample). On the left hand and right hand side of the sample there are sections of 
geopolymer concrete that have been almost fractured from the sample. 
Figure 83 shows Sample 2 of Batch 3(21 day testing) at failure. For the bottom third 
of the sample a thin section of geopolymer concrete has been fractured from the 
sample and the rest of the sample has that thin section close to being  fractured 
cleanly from the sample. The sections that have or are close to fracturing do not 
include any coarse aggregate. This phenomenon could be due to coarse aggregate 
being able to withstand larger compressive forces compared to geopolymer paste 
(without coarse aggregate).    
0 
5 
10 
15 
20 
25 
0.000 0.005 0.010 0.015 0.020 
St
re
ss
(M
P
a)
 
Strain 
Batch 3-21Day Samples 
92 
 
The stress-strain curve developed for Sample 1 and Sample 2(Figure 84) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
Table 38 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 3 tested at 21 days in compression.  
Table 38: Values derived from stress-strain curves of samples from Batch 3(21 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1875.8 19.77 0.01192 
 Sample 2 1560.8 20.98 0.01644 
Average 1718.3 20.37 0.01418 
 
4.7.4 28 Day Samples 
  
Figure 85: Comparison of Stress-Strain Curves of 28 Day Samples of Batch 3 
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Table 39: Characteristics of Batch 3, 28 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100.8,101,100.7 100.83 206 3610.0 2194.7 
Sample 2 100.2,100.1,100.8 100.36 204 3598.0 2229.6 
 
4.7.4.1 Discussion of Batch 3, 28 Day Samples 
The stress-strain curve developed for Sample 1 and Sample 2(See Figure 85) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Axial and lateral strain at peak stress 
Samples of Batch 3 tested at 28 days had 2 strain gauges attached to record the 
lateral strain of the samples. Both of the strain gauges attached to Sample 2 and one 
of the strain gauges attached to Sample 1did not record any data, this was due to 
poor handling whilst fixing the strain gauge to the sample (the strain gauge was 
accidently overstrained). Both samples failed in a brittle manner. 
Table 40 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 3 tested at 28 days in compression.  
Table 40: Values derived from stress-strain curves of samples from Batch 3(28 Day Testing) 
 Modulus of 
Elasticity 
(MPa) 
Peak Stress 
(MPa) 
Axial Strain at Peak 
Stress 
Lateral 
Strain at 
Peak Stress 
Poisson’s 
Ratio 
Sample 1 1770.0 22.70 0.01932 -0.00386 
 
0.1998 
 Sample 2 1519.7 23.12 0.01726 - - 
Average 1644.8 22.91 0.01829 -0.00386 0.1998 
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4.7.5 49 Day Samples 
 
Figure 86: Batch 3, 49 Day Test: Sample 1 
 
Figure 87: Batch 3, 49 Day Test: Sample 2 
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Figure 88: Comparison of Stress-Strain Curves of 49 Day Samples of Batch 3 
Table 41: Characteristics of Batch 3, 49 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100.1,99.9,100 100 202 3616.0 2279.2 
Sample 2 100,98,99 99 202 3562.0 2290.8 
 
4.7.5.1 Discussion of Batch 3, 49 Day Samples 
Figure 86 shows Sample 1 of Batch 3(49 day testing) at failure. Relatively thin 
sections of geopolymer concrete have been fractured from the sample from the 
applied compressive load. The top left hand corner of the geopolymer concrete 
sample has a “notch” that has formed from where the geopolymer concrete slivers 
have fractured.  
Figure 87 shows Sample 2 of Batch 3(49 day testing) at failure. Minor cracking has 
occurred in the centre and left hand side of the geopolymer concrete sample. A large 
section has been fractured from the bottom right hand side of the sample. 
The stress-strain curve developed for Sample 1 and Sample 2 (See Figure 88) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
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 Strain at peak stress 
Table 42 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 3 tested at 49 days in compression.  
Table 42: Values derived from stress-strain curves of samples from Batch 3(49 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1654.3 25.70 0.01970 
 Sample 2 1337.3 23.42 0.01995 
Average 1495.8 24.56 0.01982 
 
4.7.6 Discussion of Batch 3 
Figure 89 shows the compressive strength development of the geopolymer concrete 
samples from Batch 3. The majority of the strength development occurs from 0 to 28 
days for the geopolymer concrete samples of Batch 3. From the samples tested on 
the 28
th
 day to the samples tested on the 49
th
 day the rate of compressive strength 
development has substantially lowered. 
 
Figure 89: Compressive strength development of samples from Batch 3(7-49 days). 
Figure 90 details the modulus of elasticity of samples from Batch 3 over the 49 days 
of testing.  The modulus of elasticity appears to be independent of age for the 
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samples of Batch 3 as the majority of samples had a modulus of elasticity between 
1500 and 2000 MPa. 
 
Figure 90: Modulus of elasticity of samples from Batch 3(7-49 days). 
Figure 91 shows the strain at peak stress of the geopolymer concrete samples (from 
Batch 3). The strain at peak stress values appear to follow the trends observed for 
compressive strength development of Batch 3 whereby the greatest increase of strain 
at peak stress occurs over the first 28 days and then tapers off after that (the 49 day 
samples recorded the largest strain at peak stress values). The 21 day sample that has 
the lowest recorded strain at peak stress value had the highest modulus of elasticity 
out of any other sample tested over the 49 day period. In this case it appears that the 
sample is an  outlier of the data collected.  
 
Figure 91: Strain at peak stress of samples from Batch 3(7-49 days). 
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4.8 Batch 4 
4.8.1 7 Day Samples 
 
Figure 92: Batch 4, 7 Day Test: Sample 1 
 
 
Figure 93: Batch 4, 7 Day Test: Sample 2 
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Figure 94: Comparison of Stress-Strain Curves of 7 Day Samples of Batch 4 
Table 43: Sample Characteristics of Batch 4, 7 Day Samples 
 Diameter 
(mm) 
Average 
Diameter 
(mm) 
Height (mm) Weight (g) Density 
(kg/m
3
) 
Sample 1 99.8,99.9,99.7 99.8 201 3621.0 2302.9 
Sample 2 99.9,100,99.9 99.93 200 3624.0 2310.3 
4.8.1.1 Discussion of Batch 4, 7 Day Samples 
Figure 92 shows Sample 1 of Batch 4 (7 day testing) at failure. A large split on the 
right hand side of the geopolymer concrete sample has occurred during the 
compression testing of the sample. Minor cracks have appeared across the surface of 
the sample and a minor case of crushing has occurred at the base of the sample. 
Figure 93 shows Sample 2 of Batch 4 (7 day testing) at failure. Minor cracking has 
occurred across the surface of the sample and crushing has occurred at the base of 
the sample. A split has also occurred on the right hand side of the geopolymer 
concrete sample. Sample 2 has failed in a similar manner to Sample 1.  
The stress-strain curve developed for Sample 1 and Sample 2 (See Figure 94) had the 
following characteristics derived: 
 Modulus of elasticity 
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 Peak stress 
 Strain at peak stress 
Table 44 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 4 tested at 7 days in compression.  
Table 44: Values derived from stress-strain curves of samples from Batch 4(7 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1219.1 16.00 0.01715 
Sample 2 1246.6 16.02 0.01726 
Average 1232.8 16.01 0.01720 
 
4.8.2 14 Day Samples 
 
Figure 95: Batch 4, 14 Day Test: Sample 1 
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Figure 96: Batch 4, 14 Day Test: Sample 2 
 
Figure 97: Comparison of Stress-Strain Curves of 14 Day Samples of Batch 4 
Table 45: Characteristics of Batch 4, 14 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100.1,100,100 100.03 201 3590.0 2272.7 
Sample 2 99.9,99.9,100.1 99.96 203 3606.0 2263.5 
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4.8.2.1 Discussion of Batch 4, 14 Day Samples 
Figure 95 shows Sample 1 of Batch 4 (14 day testing) at failure. Cracking has 
occurred at the top left hand sample and runs down the sample at a 45
o
 angle to the 
height of the sample. Also located at the top left hand side of the sample is a piece of 
geopolymer concrete that is close to cleanly fracturing. 
Figure 96 shows Sample 2 of Batch 4 (14 day testing) at failure. On the left hand 
side of the sample a crack runs the height of the sample (approximately parallel with 
the height of the sample). Crushing has occurred at the base of the sample. 
The stress-strain curve developed for Sample 1 and Sample 2 (See Figure 97) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
Table 46 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 4 tested at 14 days in compression.  
Table 46: Values derived from stress-strain curves of samples from Batch 4(14 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1769.7 25.37 0.01667 
Sample 2 1724.7 26.44 0.01858 
Average 1747.2 25.90 0.01762 
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4.8.3 21 Day Samples 
 
Figure 98: Comparison of Stress-Strain Curves of 21 Day Samples of Batch 4 
Table 47: Characteristics of Batch 4, 21 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 99.3,99.6,99.9 99.6 201 3556.0 2270.7 
Sample 2 100.2,100.2,99.9 100.1 203 3640.0 2278.5 
4.8.3.1 Discussion of Batch 4, 21 Day Samples 
The stress-strain curve developed for Sample 1 and Sample 2 (See Figure 98) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Axial strain at peak stress 
Table 48 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 4 tested at 21 days in compression.  
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Table 48: Values derived from stress-strain curves of samples from Batch 4(21 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1031.0 22.85 0.02146 
Sample 2 1352.9 28.87 0.02085 
Average 1191.9 25.86 0.02115 
4.8.4 28 Day Samples 
 
Figure 99: Batch 4, 28 Day Test: Sample 1 
 
Figure 100: Batch 4, 28 Day Test: Sample 2 
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Figure 101: Comparison of Stress-Strain Curves of 28 Day Samples of Batch 4 
Table 49: Characteristics of Batch 4, 28 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 99.8,100.2,99.8 99.93 202 3594.0 2268.5 
Sample 2 100.2,100.2,100 100.13 203 3619.0 2264.0 
 
4.8.4.1 Discussion of Batch 4, 28 Day Samples 
Figure 99 shows Sample 1 of Batch 4 (28 day testing) at failure. A large cracks runs 
down the height of the sample and there are many minor cracks that have occurred 
across the surface of Sample 1. Crushing has also occurred at the base of the sample. 
Figure 100 shows Sample 2 of Batch 4 (28 day testing) at failure. Two large cracks 
are present on the sample due to the applied compressive load and a section of the 
sample has almost fractured on the left hand side of the sample. 
The stress-strain curve developed for Sample 1 and Sample 2 (Figure 101) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Axial and lateral strain at peak stress 
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Samples of Batch 4 tested at 28 days had 2 strain gauges attached to record the 
lateral strain of the samples. All strain gauges attached collected lateral strain data of 
the samples. Both samples failed in a brittle manner. 
Table 50 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 4 tested at 28 days in compression.  
Table 50: Values derived from stress-strain curves of samples from Batch 4(28 Day Testing) 
 Modulus of 
Elasticity 
(MPa) 
Peak Stress 
(MPa) 
Axial Strain at Peak 
Stress 
Lateral 
Strain at 
Peak Stress 
Poisson’s 
Ratio 
Sample 1 1636.1 30.03 0.02320 -0.00475,        
-0.00279 
 
0.2047,0.1203 
 Sample 2 1589.7 28.78 0.02156 -0.00582,-
0.00265 
0.2699,0.1229 
Average 1612.9 29.40 0.02238 -0.00400* 0.1794* 
* The average of Sample 1 was found and was averaged with the average of Sample 
2. 
4.8.5 42 Day Samples 
 
Figure 102: Batch 4, 42 Day Test: Sample 1 
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Figure 103: Batch 4, 42 Day Test: Sample 2 
 
Figure 104: Comparison of Stress-Strain Curves of 42 Day Samples of Batch 4 
Table 51: Characteristics of Batch 4, 42 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 97,98,99 99 201 3586.0 2317.7 
Sample 2 99.9,100,100.1 100 202 3595.0 2266.0 
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4.8.5.1 Discussion of Batch 4, 42 Day Samples 
Figure 102 shows Sample 1 of Batch 4 (42 day testing) at failure. Minor cracking 
has occurred across the surface of the sample and crushing has occurred at the 
bottom of Sample 1. 
Figure 103 shows Sample 2 of Batch 4 (42 day testing) at failure. Significant 
cracking has occurred on the bottom half of the sample. Sections of the sample are 
close to fracturing and minor crushing has occurred at the base of the sample. 
The stress-strain curve developed for Sample 1 and Sample 2 (See Figure 104) had 
the following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
Table 52 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 4 tested at 42 days in compression.  
Table 52: Values derived from stress-strain curves of samples from Batch 4(42 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 2082.9 31.61 0.02115 
 Sample 2 2238.0 29.22 0.01958 
Average 2160.4 30.41 0.02036 
 
4.8.6 Discussion of Batch 4 
Figure 105 shows the compressive strength development of the geopolymer concrete 
samples from Batch 4. The majority of compressive strength development occurs 
over the first 28 days. Minor compression strength development has occurred from 
28 to 42nd days of the samples from Batch 4. 
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Figure 105: Compressive strength development of samples from Batch 4(7-42 days). 
Figure 106 details the modulus of elasticity of samples from Batch 4 over the 42 
days of testing. Samples tested at 7 days had the lowest (bar the 21 day sample) 
modulus of elasticity whilst samples tested at 42 days had the highest modulus of 
elasticity. Underlying trends of modulus of elasticity values over a period of 42 days 
becomes somewhat unclear for the 14, 21 and 28 day samples. The 21 day sample 
that recorded a modulus of elasticity of approximately 1000 MPa also had a low 
compressive strength value (considering its age) of approximately 22 MPa.   
 
Figure 106: Modulus of elasticity of samples from Batch 4(7-42 days). 
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Figure 107 shows the strain at peak stress of the geopolymer concrete samples (from 
Batch 4). A loose trend based on the strain at peak stress value developing minimally  
over time appears  However, samples tested at 21 and 28 days had a slightly larger 
strain value occurring at peak stress.  
 
Figure 107: Strain at peak stress of samples from Batch 4(7-42 days). 
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4.9 Batch 5  
4.9.1 7 Day Samples 
 
Figure 108: Batch 5, 7 Day Test: Sample 1 
 
 
Figure 109: Batch 5, 7 Day Test: Sample 2 
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Figure 110: Comparison of Stress-Strain Curves of 7 Day Samples of Batch 5 
Table 53: Sample Characteristics of Batch 5, 7 Day Samples 
 Diameter (mm) Average 
Diameter 
(mm) 
Height (mm) Weight (g) Density 
(kg/m
3
) 
Sample 1 100.3,99.7,99.9 99.96 203 3591.0 2254.1 
Sample 2 99.9,100.1,100 100 204 3603.0 2248.8 
4.9.1.1 Discussion of Batch 5, 7 Day Samples 
Figure 108 shows Sample 1 of Batch 5 (7 day testing) at failure. The sample has 
fractured into 2 separate pieces around the middle of the specimen. The failure line is 
acting on a 45
o
 angle to the vertical. 
Figure 109 shows Sample 2 of Batch 5 (7 day testing) at failure. Signifigant cracking 
covers the left hand side of the sample and it appears that some slivers are close to 
fracturing from the sample. 
The stress-strain curve developed for Sample 1 and Sample 2 (See Figure 110) had 
the following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
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Table 54 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 5 tested at 7 days in compression.  
Table 54: Values derived from stress-strain curves of samples from Batch 5(7 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1942.9 29.97 0.01614 
Sample 2 2411.3 30.99 0.01624 
Average 2177.1 30.48 0.01619 
 
4.9.2 14 Day Samples 
 
Figure 111: Comparison of Stress-Strain Curves of 14 Day Samples of Batch 5 
Table 55: Characteristics of Batch 5, 14 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 99.7,99.9,100.1 99.9 206 3567.0 2209.1 
Sample 2 100.1,99.7,99.9 99.9 203 3595.0 2259.3 
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4.9.2.1 Discussion of Batch 5, 14 Day Samples 
The stress-strain curve developed for Sample 1 and Sample 2 (Figure 111) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
Table 56 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 5 tested at 14 days in compression.  
Table 56: Values derived from stress-strain curves of samples from Batch 5(14 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1715.7 30.45 0.01461 
Sample 2 1618.3 32.17 0.01942 
Average 1667.0 31.31 0.01701 
 
4.9.3 21 Day Samples 
 
Figure 112: Batch 5, 21 Day Test: Sample 1 
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Figure 113: Batch 5, 21 Day Test: Sample 2 
 
Figure 114: Comparison of Stress-Strain Curves of 21 Day Samples of Batch 5 
Table 57: Characteristics of Batch 5, 21 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100.6,99.5,100.2 100.1 205 3608.0 2236.4 
Sample 2 100.4,100.1,100.1 100.2 203 3595.0 2245.8 
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4.9.3.1 Discussion of Batch 5, 21 Day Samples 
Figure 112 shows Sample 1 of Batch 5 (21 day testing) at failure. A large crack 
starting at the top of the sample travels down the top half of the specimen (parallel to 
the height) and reaches an area where sections of the geopolymer concrete sample 
have fractured off the sample. The area that has lost sections of the sample is notched 
whereby the centre of the area is the deepest part into the specimen. 
Figure 113 shows Sample 2 of Batch 5 (21 day testing) at failure. The specimen has 
been brought to a complete failure and the sample has fractured into numerous 
pieces (varying in size from 2 cm to 10 cm). 
The stress-strain curve developed for Sample 1 and Sample 2 (Figure 114) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
 Strain at peak stress 
Table 58 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 5 tested at 21 days in compression.  
Table 58: Values derived from stress-strain curves of samples from Batch 5(21 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1511.5 33.27 0.02247 
Sample 2 1345.9 34.55 0.02390 
Average 1428.7 33.91 0.02318 
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4.9.4 28 Day Samples 
 
Figure 115: Batch 5, 28 Day Test: Sample 1 
 
Figure 116: Batch 5, 28 Day Test: Sample 2 
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Figure 117: Comparison of Stress-Strain Curves of 28 Day Samples of Batch 5 
Table 59: Characteristics of Batch 5, 28 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100.4,99.6,100.2 100.06 204 3516.0 2191.8 
Sample 2 100.1,100.1,100.2 100.13 205 3587.0 2222.1 
 
4.9.4.1 Discussion of Batch 5, 28 Day Samples 
Figure 115 shows Sample 1 of Batch 5 (28 day testing) at failure. A large section of 
the specimen has fractured from the left hand side of the sample. The fracture is 
notched, whereby the deepest section (the most geopolymer concrete missing) is 
found in the centre of the fracture. 
Figure 116 shows Sample 2 of Batch 5 (28 day testing) at failure. Large cracks have 
appeared across the surface of the specimen. These cracks run in an approximately 
parallel fashion to the height of the sample. Sections of the sample are close to 
fracturing. 
The stress-strain curve developed for Sample 1 and Sample 2 (Figure 117) had the 
following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
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 Axial and lateral strain at peak stress 
Samples of Batch 5 tested at 28 days had 2 strain gauges attached to record the 
lateral strain of the samples. All strain gauges attached collected lateral strain data of 
the samples. Both samples failed in a brittle manner. 
Table 60 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 5 tested at 28 days in compression.  
Table 60: Values derived from stress-strain curves of samples from Batch 5(28 Day Testing) 
 Modulus of 
Elasticity 
(MPa) 
Peak Stress 
(MPa) 
Axial Strain at Peak 
Stress 
Lateral 
Strain at 
Peak Stress 
Poisson’s 
Ratio 
Sample 1 1500.6 33.39 0.02507 -0.00172,        
-0.00068 
 
0.0686, 
0.0271 
 Sample 2 1652.5 32.66 0.02334 -0.00091,-
0.00129 
0.0390,0.0553 
Average 1576.5 33.02 0.02420 -0.00115* 0.0475* 
* The average of Sample 1 was found and was averaged with the average of Sample 
2. 
120 
 
4.9.5 35 Day Samples 
 
Figure 118: Batch 5, 35 Day Test: Sample 1 
 
Figure 119: Batch 5, 35 Day Test: Sample 2 
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Figure 120: Comparison of Stress-Strain Curves of 35 Day Samples of Batch 5 
Table 61: Characteristics of Batch 5, 35 Day Samples 
 Diameter(mm) Average 
Diameter(mm) 
Height(mm) Weight(g) Density(kg/m
3
) 
Sample 1 100.2,100,99.8 100 204 3566.0 2225.7 
Sample 2 99.9,99.7,100.1 99.9 201 3568.0 2264.7 
 
4.9.5.1 Discussion of Batch 5, 35 Day Samples 
Figure 118 shows Sample 1 of Batch 5 (35 day testing) at failure. Cracking has 
occurred at the top left hand side of the sample (occurring at an angle 45
o
 to the 
height of the sample). The top left hand section where cracking has occurred has 
almost been fractured from the sample. 
Figure 119 shows Sample 2 of Batch 5 (35 day testing) at failure. A large section of 
the sample has fractured from the right hand side of the sample. Slivers of 
geopolymer concrete varying in size from 5 to 10 cm have also been fractured from 
the sample. 
The stress-strain curve developed for Sample 1 and Sample 2 (See Figure 120) had 
the following characteristics derived: 
 Modulus of elasticity 
 Peak stress 
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 Strain at peak stress 
Table 62 has a summary of these values calculated for Sample 1 and 2. An average 
value was also found for each characteristic used to define the behaviour of the 
geopolymer concrete samples from Batch 5 tested at 35 days in compression.  
Table 62: Values derived from stress-strain curves of samples from Batch 5(35 Day Testing) 
 Modulus of 
Elasticity (MPa) 
Peak Stress (MPa) Strain at Peak 
Stress 
Sample 1 1881.0 34.15 0.02294 
 Sample 2 1705.6 36.26 0.02381 
Average 1793.3 35.20 0.02337 
 
4.9.6 Discussion of Batch 5 
Figure 121 shows the compressive strength development of the geopolymer concrete 
samples from Batch 5. Recommended Practice: Geopolymer Concrete (2011) states 
that if geopolymer concrete is oven cured at temperatures around 80 – 90 oC, 90% of 
the final strength can be achieved after a few hours. This statement holds true for the 
compressive strength development for samples of Batch 5 as minimal strength 
development is occurring over time. 
 
Figure 121: Compressive strength development of samples from Batch 5(7-35 days). 
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Figure 122 details the modulus of elasticity of samples from Batch 5 over the 35 
days of testing. Bar a particularly large modulus of elasticity recorded for a sample 
tested at 7 days, the modulus of elasticity of the samples range from 1500 to 2000 
MPa. 
 
Figure 122: Modulus of elasticity of samples from Batch 5(7-35 days). 
Figure 123 shows the strain at peak stress of the geopolymer concrete samples (from 
Batch 5). The majority of increase in strain at peak stress values occurs over the first 
21 days. Samples tested on the 21, 28 and 35 days all have similar axial strain values 
at peak stress (approximately 0.025). 
 
Figure 123: Strain at peak stress of samples from Batch 5(7-35 days). 
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4.10 Discussion of Results 
4.10.1 Compressive Strength Development 
Figure 124 displays the effect of curing on compressive strength development (Batch 
3 compared to Batch 2). Oven curing provides greater initial (7 day) compressive 
strength. However, the curing method has no detrimental effect on compressive 
strength values after 7 days as the ambient cured samples of Batch 3 were 
consistently marginally stronger in compression. 
 
Figure 124: The effect of curing on compressive strength development. 
Figure 125 shows the effect of PP fibres on compressive strength development 
(Batch 2 compared to Batches 1 and 4). Bacth 4 displayed the greatest compressive 
strength values over all testing days (bar 1 outlier at 21 days).However, Batch 3 
(which had no PP fibres) outperformed the samples from Batch 1(0.15% PP added 
by weight of the mix). An optimum amount of polypropylene fibres (added by 
weight) to the geopolymer mix must exist, as the Batch with more PP fibres (Batch 
1) had signifigantly smaller compressive strength values recorded over the entirety 
of  its testing regime.   
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Figure 125: The effect of PP fibres on compressive strength development. 
Figure 126 displays the effect of oven curing time on compressive strength 
development (Batch 3 compared to Batch 5). Batch 5 consistently outperformed 
Batch 3 in regard to compressive strength values collated over the entirety of each 
batches testing regime. Compressive strength development was very minor for Batch 
5 over its 35 day testing program. This phenomenon is supported by Recommended 
Practice: Geopolymer Concrete (2011), who also found that 80-90% of the final 
compressive strength of geopolymer concrete, can be attained over a short period of 
time if samples are left to oven cure for a signifigant period of time at 80-90 
o
C.  
Vijai, Kumutha & Vishnuram (2012) found that the compressive strength 
development of geoopolymer concrete occurs quite rapidly when oven curing is 
implemented, whilst it takes 28 days to achieve a value close to the ultimate 
compressive strength if ambient curing is used. Overall, this trend has occurred for 
the samples of geopolymer concrete from the main experimental program. 
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Figure 126: The effect of oven curing time on compressive strength development. 
4.10.2 Modulus of Elasticity 
Figure 127 shows the effect of curing on the modulus of elasticity (Comparison of 
Batch 3 to Batch 2). The Young's modulus values for the oven cured samples (Batch 
3) are consistently greater than those formulated for the ambient cured samples of 
Batch 2. Therefore, geopolymer concrete samples that have been oven cured have a 
higher level of stiffness than samples that have been ambient cured. 
 
Figure 127: The effect of curing on the modulus of elasticity of geopolymer concrete samples. 
Figure 128 shows the effect of PP fibres on the modulus of elasticity (Batch 2 
compared to Batches 1 and 4). The addition of polypropylene fibres (for Batches 1 
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and 4) causes an increase in the modulus of elasticity (therefore it is a stiffer 
material) compared to Batch 2. These findings are confirmed by Nawy (2008) who 
suggested that concrete imbued with fibres aids in arresting the development or 
propagation of micro-cracks, which limits the amount of deformation that occurs for 
concrete under an applied load.   
 
Figure 128: The effect of PP fibres on the modulus of elasticity of geopolymer concrete samples. 
Figure 129 shows the effect of oven curing time on the modulus of elasticity of 
geopolymer concrete samples (Batch 3 compared to Batch 5). Bar the 2 samples 
tested at 7 days for Batch 5 it appears that the oven curing time has minimal 
influence on the modulus of elasticity of the geopolymer concrete samples. Hardjito 
and Rangan(2005) discovered the modulus of elasticity of samples increased as the 
compressive strength of the geopolymer concrete increased. This trend did not occur 
for the samples tested and this may be due to problems with the mix design 
(specifically the chemical composition of the fly ash utilised or the sodium based 
activator). 
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Figure 129: The effect of oven curing time on the modulus of elasticity of geopolymer concrete samples. 
The majority of the modulus of elasticity values recorded was between 1000 to 2000 
MPa for the samples from the main experimental program.  
For OPC concrete, AS 3600 prescribes the following equation to calculate the value 
of the modulus of elasticity (within an error of plus/minus 20%): 
    
                      
Equation 4: Equation to calculate the modulus of elasticity of concrete (as per AS 3600). 
where   is the density of concrete in kg/m3, and fcm is the mean compressive strength 
in MPa. 
Table 63 is a summary of the modulus of elasticity values for fly ash based 
geopolymer concrete formulated by Hardjito and Rangan (2005) compared to 
Equation 4. The measured values were constantly lower than the values calculated 
with Equation 4. 
 The modulus of elasticity values formulated in the main experimental program are 
smaller than the values found by Hardjito and Rangan(2005) by approximately a 
magnitude of 10,therefore the samples created by Hardjito and Rangan have a higher 
degree of stiffness than the samples tested in this report. This could be due to the 
comparatively large strain values being recorded at peak stress (which were 
coincidentally a magnitude of 10 larger than what was calculated by Hardjito and 
Rangan). 
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Table 63: Comparison between calculated values using equation 4 and the measured values of modulus of 
elasticity (Hardjito and Rangan 2005). 
Fcm (MPa) Ec measured 
(GPa) 
Ec (Equation 4) 
(GPa) 
89 30.8 39.5 
68 27.3 36.2 
55 26.1 33.9 
44 23.0 31.8 
4.10.3 Strain at Peak Stress 
Figure 130 describes the effect of curing on the strain at peak stress (Comparison of 
Batch 3 to Batch 2). In general the strain at peak stress for both oven and ambient 
cured samples of geopolymer concrete is increasing with time. The strain at peak 
stress and modulus of elasticity of samples are related as a higher strain at peak 
stress results in a smaller modulus of elasticity (See Figure 127). 
 
Figure 130: The effect of curing on the strain at peak stress of geopolymer concrete samples. 
Figure 131 describes the effect of PP fibres on the strain at peak stress (Batch 2 
compared to Batches 1 and 4). In general, Batch 4 had the highest strain at peak 
stress values over its testing period. Batch 2 had slightly smaller strain at peak stress 
values as compared to Batch 4 and Batch 1 had significantly lower strain at peak 
stress values. Batch 4 is therefore able to withstand more deformation until failure of 
the sample occurs. 
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Figure 131: The effect of PP fibres on the strain at peak stress of geopolymer concrete samples. 
Figure 132 describes the effect of oven curing time on the strain at peak stress (Batch 
3 compared to Batch 5). Whilst the effect of oven curing time had minimal effect on 
the modulus of elasticity of the geopolymer concrete samples tested, increased oven 
curing time has resulted in greater strain values occurring at peak stress (particularly 
for samples tested on the 21,28 and 35 days of Batch 5).  
 
Figure 132: The effect of oven curing time on the strain at peak stress of geopolymer concrete samples. 
Attard and Stewart (1998) theorised the strain at peak stress (based on OPC 
concrete) is largely dependent on the aggregate and other mix properties. However, 
for Australian concretes it is approximately: 
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Equation 5: Approximation of the strain at peak stress for OPC concrete (Attard & Stewart 1998). 
where     (the mean compressive strength of in situ concrete) and the initial tangent 
modulus,           , are in MPa units. Equation 5 results in an     of the order of 
approximately 0.002 for OPC concrete with a compressive strength value between 
25 to 50 MPa but 0.0028 for concrete with compressive strengths of 100 MPa. 
Hardjito and Rangan (2005) reported strain at peak stress values in the range of 
0.0024 to 0.0026 for fly ash based geopolymer concrete, which is similar to the 
values reported by Warner et al. (1998) for OPC concrete. However, all strain values 
recorded from the samples in the main experimental program are approximately 
larger by a magnitude of 10 (varying between 0.015 to 0.025 for the samples tested 
at 28 days). 
4.10.4 Poisson's Ratio 
Figure 133 displays the average Poisson's value calculated for geopolymer concrete 
samples from Batches 2 to 5 tested on the 28th day. AS 3600 states that if 
experimental evaluation is not done(as described in AS 1012.17) to calculate the 
Poisson's value of OPC concrete then 0.2 is the value to adopt. 
An average Poisson's value of approximately 0.2 was calculated for Batch 3, which 
therefore matches the Poisson's value listed for use in AS 3600 for OPC concrete. 
Batch 4 recorded a similar Poisson's value with an average of 0.18 being recorded. 
Batch 5 (which recorded the largest compressive strength values) had a Poisson's 
value of 0.05 calculated.  
Foster, Kilpatrick and Warner (2010) have suggested that there be a second Poisson's 
value listed in AS 3600 for high strength concrete as it normally has significantly 
smaller values as compared to normal strength concrete. This is due to the tendency 
of the degree of microcracking decreasing as the strength increases. With respect to 
this statement, geopolymer concrete tested in the main experimental program 
conforms to this trend (smaller Poisson's values for higher strength geopolymer 
concrete).  
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Figure 133: Average Poisson's value calculated for samples at 28 days. 
4.10.5 Stress Strain Curves and Ductility  
Hardjito et al. (2005b) found the stress strain curves developed for fly ash based 
geopolymer concrete portrayed a high level of a similarity to a model developed by 
Collins, Mitchell &Macgregor (1993) for OPC concrete. A bell curve best describes 
the shape of the curve for OPC concrete, which would therefore result in a material 
that is reasonably ductile. 
However, analysing the stress strain curves of the geopolymer concrete samples 
created for the main experimental program the majority of the curves have a steep 
descending branch (section of the curve after peak stress has been attained). This 
indicates the material is of a brittle nature and therefore has low ductility. 
Samples tested from Batches 1 and 4 (both batches had PP fibres incorporated into 
the mix) possessed greater levels of ductility (particularly samples from Batch 1) 
than samples from Batches 2, 3 and 5.  
Foster, Kilpatrick and Warner (2010) state that OPC concrete becomes progressively 
more brittle with increasing strength. This trend conforms to what has occurred for 
the samples in the main experimental program as samples from Batch 5 (which had 
the highest compressive strength values) were the most brittle (steepest descending 
branches on the stress strain curves). 
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5. Conclusions and Future Work 
Geopolymer concrete has many advantages over OPC concrete. Benefits include a 
reduction in global emissions, excellent chemical resistance (to acidic and alkaline 
substances), minimal drying shrinkage, cheaper and an abundance of fly ash found in 
Australia. 
This report investigated the characteristics (elastic modulus, Poisson's ratio, 
compressive strength, developed stress strain curves and calculated the strain at peak 
stress) used to define the behaviour of fly ash based geopolymer concrete. By 
creating five batches of geopolymer concrete (for the main experimental program) it 
was possible to determine the effects of curing and PP fibres on geopolymer 
concrete. 
The compressive strength development of both ambient and oven cured samples was 
similar to what has been reported in other literature. The 3 hour oven cured samples 
(Batch 3) recorded the highest compressive strength (with Batch 4 whilst excluding 
Batch 5 which was oven cured for 6 hours) at 7 days. However, the ambient cured 
samples (Batch 2) recorded higher compressive strength values for all other testing 
dates (compared to the three hour oven cured samples of Batch 3). Batch 4 (ambient 
cured with 0.05% PP fibres) recorded the highest compressive strengths over all 
testing dates compared to all other samples bar Batch 5(6 hour oven cured samples). 
Therefore, the compressive strength of geopolymer concrete is not affected by the 
curing method for low strength concrete and the majority of the strength of 
geopolymer concrete is reached in 21-28 days. The potential for geopolymer 
concrete to be cast in situ is therefore feasible. 
The moduli of elasticity values formulated in the main experimental program are 
smaller than the values found in other literature by approximately a magnitude of 10. 
Therefore, the samples created in other literature have a higher degree of stiffness 
than the samples tested in this report. This could be due to the comparatively large 
strain values being recorded at peak stress (which were coincidentally a magnitude 
of 10 larger than what was calculated in other reports).These results could be due to 
problems with the mix design (specifically the chemical composition of the fly ash 
utilised or the sodium based activator). 
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Poisson's values calculated for the main experimental program ranged from 0.05 to 
0.2.  The values obtained are comparable to other literature (on geopolymer 
concrete) and AS 3600. 
The samples tested displayed varying degrees of brittle failure. The addition of PP 
fibres increased the ductility of the geopolymer concrete samples. This is also 
witnessed in the photos taken of the samples at failure. 
Overall, the addition of PP fibres improved the compressive strength, ductility and 
strain at peak stress of geopolymer concrete. An optimum content of PP fibres exists 
as Batch 1(0.15% PP fibres by weight) performed worse compared to Batch 4 
(0.05% PP fibres by weight) with respect to compressive strength and strain at peak 
stress. 
There is significant potential for future work in this field via more thorough 
investigation of the optimum amount of PP fibres, research into other fibres (such as 
steel) and confinement (to increase ductility), increasing the workability of the mix 
(as workability was extremely low) and a modification of the mix design to achieve 
greater compressive strength values (as Batch 5 and Batch 3 had a target 
compressive strength of 60 and 40 MPa respectively).   
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